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General introduction 
 
Mutation breeding is important for crop improvement. During the past 75 years, more than 
3,100 mutant varieties have been produced worldwide, and about 450 of these mutant 
varieties were produced in Japan (The FAO/IAEA Mutant Varieties Database, 
http://mvgs.iaea.org/AboutMutantVarieties.aspx). 
The application of X-rays for mutation induction was first suggested by de Vries at the 
beginning of the 20th century, shortly after the discovery of X-rays. In 1945, the first 
commercial mutant induced by X-rays was obtained by De Mol for Tulipa (Broertjes and van 
Harten 1988). The practical use of chemical mutagens began in the 1960s. Although chemical 
mutagens, such as ethylnitrosourea, methylnitrosourea, sodium azide, and ethyl 
methanesulfonate (EMS) and physical mutagens, such as X-rays, gamma rays, fast neutrons, 
ultraviolet light, and laser, have been used to induce mutant varieties; EMS and gamma rays 
are currently the most widely used mutagens for various crops (The FAO/IAEA Mutant 
Varieties Database). 
There are differences in the mutation spectra between physical and chemical mutagens 
(Doll and Sandfaer 1969, Gustafsson 1969, Yamashita et al. 1973). Moreover, there are 
certain advantages and disadvantages in each mutagen (van Harten 1998). Consequently, the 
type of mutagen and the treatment method are important factors for obtaining successful 
results in mutation breeding. 
 
Ion beams consist of ion particles accelerated by a cyclotron. A characteristic feature of 
ion beams is their ability to deposit high energy on a target, densely and locally,  as opposed 
to low linear energy transfer (LET) radiations such as gamma rays and X-rays (Yang and 
Tobias 1979, Tanaka 1999). 
Ion beams are expected to produce higher mutation frequencies because of their high 
biological effects. Moreover, a relatively small number of ion particles penetrate through cells 
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compared to gamma rays (Tanaka 1999). Because of this characteristic, it was hypothesized 
that ion beams cause less damage to chromosomes and that mutants could be obtained with a 
change in the target trait without affecting the remaining genetic background. For these 
reasons, ion beams have been used for mutation breeding since the 1990s in Japan, where 
mutation breeding has been attempted with various crops. With these mutation breeding 
programs, new varieties of chrysanthemum (Nagatomi et al. 2003, Ueno et al. 2005), 
carnation, verbena, and others (The FAO/IAEA Mutant Varieties Database) have been 
obtained. Thus, ion beam irradiation has evolved as a new mutation method. However, ion 
beams have not been sufficiently characterized in terms of the mutagen for mutation breeding. 
Mutation breeding is known to be a useful method for altering a target trait without 
changing the remaining genetic background. However, in practical use, radiation damage, 
such as chromosomal aberrations, are also caused by irradiation treatment. Therefore, 
selecting the appropriate mutagen and the treatment method are desirable to not only induce a 
higher mutation rate in a target trait, but also to have less of an effect on the remaining genetic 
background.  
In mutation breeding, two terms are defined—effectiveness and efficiency (Konzak et al. 
1965, Mikaelsen et al. 1971, Nilan et al. 1965). Effectiveness is defined as the number of 
mutations produced per unit dose, and efficiency is defined as the proportion of specific 
desirable mutagenic changes to plant damage. Konzak et al. (1965) suggested that the 
usefulness of any mutagen used in plant breeding depended not only on its mutagenic 
effectiveness, but also on its mutagenic efficiency. Therefore, in this study, the efficiency of 
ion beams was compared to gamma rays in rice (Chapter 1) and chrysanthemum (Chapter 2). 
New mutagens are expected to have spectra different from that of currently used 
mutagens. Ion beams are expected to induce novel mutants because of their different 
characteristics compared to gamma rays. Therefore, the mutation spectrum for ion beams was 
compared to gamma rays in rice (Chapter 1) and chrysanthemum (Chapter 2).  
A wide mutated sector is desirable to efficiently establish mutants. To obtain mutants by 
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the mutagenic treatment of seeds or buds, seeds (M2 seeds) or buds (vM2) must originate from 
mutated cells of irradiated seeds (M1 seeds) or buds (vM1). The possibility that flowers or 
buds will not be formed within the mutated sector arises if the mutated sector is narrow, even 
if the mutation occurs within the cells of the apical shoot meristem. Thus, if the mutated 
sector is narrow, the opportunity to isolate a mutant becomes difficult. Therefore, the width of 
a mutated sector after ion beam irradiation was compared to that after gamma ray irradiation 
in rice (Chapter 1) and chrysanthemum (Chapter 4). 
In addition, for the practical use of ion beams, information regarding effective and 
efficient doses is necessary. Thus, I investigated the relationships between mutation frequency 
and irradiation dose of ion beams in rice (Chapter 1), chrysanthemum (Chapter 2), and rose 
(Chapter 3). I also attempted to identify the optimum dose of ion beams and describe the 
criteria for an optimum irradiation dose using rice (Chapter 1). 
 
Gamma rays have been commonly used, and numerous mutants have been produced 
using gamma rays. Nevertheless, there are no empirical reports on the optimum irradiation 
dose of gamma rays. For gamma-ray treatment, a survival rate of 40%–60% in control plants 
(LD50; Anon. 1977) or a growth reduction of 30%–50% for M1 seedlings has often been used 
as the criterion for a promising treatment. To avoid considerable changes in the genetic 
background, treatments are currently performed with lower doses than those used for these 
criteria (van Harten 1998). In the present study, I attempted to identify the optimum doses of 
gamma rays as well as ion beams for obtaining the mutants efficiently (Chapter 1). 
Dose rate is also an important factor in gamma ray treatment, and its effect has been 
investigated by evaluating various responses including lethality (Broertijes 1968, Killion and 
Constantin 1971, Sripichtt et al. 1988), growth (Bottino et al. 1975, Killion and Constantin 
1971, Killion et al. 1971, Yamashita 1964), and fertility (Killion and Constantin 1971, 
Yamashita 1964). Based on differences in the dose rate, gamma ray treatment is divided into 
two categories—acute and chronic irradiations. In acute irradiation, plant materials are 
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irradiated at a high dose rate for periods ranging from several minutes to a day, whereas in 
chronic irradiation, plant materials are exposed to gamma rays at a low dose rate over several 
weeks or even longer. It is hypothesized that chronic irradiation is useful for mutation 
breeding of vegetatively propagated crops because the mutants obtained would be less 
radiation damaged and could be directly used as new cultivars. In Japan, gamma field for 
chronic irradiation was established in 1961. Using the gamma field, commercial varieties, 
such as black spot disease-resistant Japanese pear mutant (Sanada et al. 1993) and frost-
resistant and dwarf manila grass mutant (Nagatomi et al. 1998), were successfully obtained. 
However, there are little data on the usefulness of gamma ray irradiation at a low dose rate 
with regard to radiation damage. Therefore, I investigated the effects of the dose and dose rate 
on flower color mutations and nuclear DNA contents as indices of radiation damage in 
chrysanthemum (Chapter 6). 
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Chapter 1 
 
Mutagenic effects of ion beam irradiation on rice 
 
1.1 Introduction 
 
Mutation breeding is a useful method for crop improvement. The type of mutagenic treatment 
is an important factor to obtain successful results in mutation breeding. Physical mutagens, 
such as gamma rays and X-rays, have mainly been used to induce mutations, and many 
mutant varieties have been released.  
Ion beams have recently attracted attention as mutagens. A characteristic feature of ion 
beams is their ability to deposit high energy on a target densely and locally, as opposed to low 
linear energy transfer (LET) radiation such as gamma rays and X-rays (Yang and Tobias 1979, 
Tanaka 1999). Due to this property, ion beams are expected to have different mutation 
induction effects from other physical mutagens and result in induction of novel mutants that 
have not been previously obtained.  
Mutation induction with ion beams, using various plants, has been attempted since the 
1990s in Japan. Until now, it has been demonstrated in Arabidopsis that ion beams induce 
mutations with high frequency and show a broad mutation spectrum, and novel mutants have 
been obtained (Hase et al. 2000, Shikazono et al. 2003, Tanaka et al. 1997, Tanaka et al. 
2002). Furthermore, various mutants have been obtained in many crops, mainly ornamental 
plants (Hamatani et al. 2001, Hara et al. 2003, Kanaya et al. 2008, Kazama et al. 2008, 
Miyazaki et al. 2002, Miyazaki et al. 2006, Nagatomi et al. 1996, Okamura et al. 2003, 
Yamaguchi et al. 2003). Specific flower color mutants that had not been obtained by gamma 
rays could be induced using ion beams, particularly in chrysanthemum (Nagatomi et al. 1996) 
and carnation (Okamura et al. 2003).  
Thus, the characteristics of ion beams have been gradually clarified, and ion beam 
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irradiation has evolved as a new mutation method. However, in terms of the mutagen for 
mutation breeding, the characteristics of ion beams, especially in comparison to gamma rays 
and X-rays, and the criterion of optimum irradiation dose for practical use have not been 
sufficiently clarified. 
To evaluate the mutagenic effects of different mutagens, 2 terms, effectiveness and 
efficiency, have been used (Konzak et al. 1965, Mikaelsen et al. 1971, Nilan et al. 1965). 
Effectiveness is defined as the number of mutations produced per unit dose, whereas 
efficiency is defined as the ratio of specific desirable mutagenic changes to plant damage in 
the M1 generation, such as lethality and sterility. Konzak et al. (1965) suggested that the 
usefulness of any mutagen in plant breeding depends not only on its mutagenic effectiveness 
but also on its mutagenic efficiency. In this sense, ion beams have been shown to exhibit 
higher effectiveness compared to gamma rays (Fujii et al. 1966, Mei et al. 1994), X-rays 
(Hirono et al. 1970, Yang and Tobias 1979), and electrons (Shikazono et al. 2003). However, 
the efficiency of ion beams has not been compared to that of gamma rays or X-rays.  
In the present study, using rice (Oryza sativa L.), I investigated the efficiency and 
effectiveness of ion beams and the spectrum of induced mutants in comparison to gamma rays. 
Furthermore, I attempted to identify the optimum dose of ion beams for use in irradiation 
treatment. 
 
1.2 Materials and Methods 
 
Oryza sativa L. cv. “Hitomebore” was used as my experimental material.  
Hulled dry seeds of rice were placed on 6-cm-diameter Petri dishes, with the embryos 
facing to the irradiation source. The samples were irradiated with 220 MeV carbon ions (LET 
107 keV/µm) at doses of 10, 20, 30, 40, 50, and 60 Gy; 320 MeV carbon ions (LET 76 
keV/µm) at doses of 20, 40, 60, 80, 100, and 150 Gy; and 100 MeV helium ions (LET 9 
keV/µm) at doses of 50, 100, 150, 200, 250, and 300 Gy, generated by an AVF-cyclotron 
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(Japan Atomic Energy Agency, Takasaki, Japan). Gamma rays were applied to unhulled dry 
seeds of rice at doses of 100, 150, 200, 250, 300, 350, 400, and 450 Gy, with a dose rate of 10 
Gy per hour, in the gamma room at the Institute of Radiation Breeding (National Institute of 
Agrobiological Sciences, Hitachi-omiya, Japan). Irradiation treatments were repeated 4 times 
for 220 and 320 MeV carbon-ion beams, 3 times for 100 MeV helium-ion beam and gamma 
rays, using 300–1000 seeds per irradiation treatment. 
One hundred seeds from each irradiation treatment were sown on moistened rock wool to 
investigate the effects of ion beams on survival. After a 4- or 5-day incubation at 
approximately 30°C, they were moved into a greenhouse. The number of seedlings that 
survived 3 weeks after sowing was counted, and the survival rate was expressed as the 
number of seedlings from irradiated seeds divided by the number of seedlings from 
non-irradiated seeds. The germination rate of the non-irradiated controls was greater than 93% 
in both hulled and unhulled seeds. 
In the irradiation treatment with 220 MeV carbon ions at doses of 10, 20, 30, and 40; 320 
MeV carbon ions at doses of 20, 40, 60, 80, and 100; 100 MeV helium ions at doses of 50, 
100, 150, 200, and 250; and gamma rays at doses of 100, 150, 200, 250, and 300, surviving 
seedlings (M1 plant) were cultured in a paddy field, and the panicles (M2 seeds) of the longest 
culm in each M1 plant were harvested. Fertility and mutation were investigated using lots, 
which consisted of more than 150 M1 plants derived from M1 seeds irradiated with each dose 
on the same day, and the fertility and mutation frequency were calculated for each lot. 
Fertility was determined based on seed set in the panicles of 50 M1 plants selected at 
random from each lot. 
Chlorophyll mutation was investigated in the M2 generation using the M1-plant progeny 
method, in which twenty-five M2 seeds from each M1 plant were sown individually. After 
germination, the number of chlorophyll mutants and germinated seedlings, and the type of 
mutations was investigated according to the following 4 criteria, albina (white), xantha 
(yellow), viridis (light green or yellow-green), and others such as striata (longitudinal white or 
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yellow stripes) and maculata (green or yellow spots distributed over the leaf). 
The mutation frequency per M2 plant shown in Fig. 1-3, Fig. 1-4 and Fig. 1-6 was 
determined as the number of chlorophyll mutants divided by the number of investigated M2 
plants. The mutation frequency per M1 plant shown in Fig. 1-5 and Fig. 1-7 was determined as 
the number of M1 plants that produced chlorophyll mutants in their progeny (M2 plant) 
divided by the number of investigated M1 plants. The number of mutated M1 plants per sown 
M1 seed shown in Fig. 1-8 was determined as the number of M1 plants that produced 
chlorophyll mutants in their progeny (M2 plant) divided by the number of sown M1 seeds. The 
frequency of spontaneous mutation was estimated using approximately 49,000 non-irradiated 
plants. 
The segregation frequency was calculated as the number of chlorophyll mutants divided 
by the number of germinated M2 plants in each strain, which yielded 16–25 M2 seedlings. 
 
1.3 Results 
 
1.3.1 Survival 
In both ion beams and gamma rays, the dose-response curves had a shoulder at a certain 
dose, and survival rates rapidly decreased with doses higher than that corresponding to the 
shoulder (Fig. 1-1). The dose that corresponds to the shoulder was 20 Gy with the 220 MeV 
carbon ion beam, 60–80 Gy with the 320 MeV carbon ion beam, 150 Gy with the 100 MeV 
helium ion beam, and 200 Gy with gamma rays. The 50% lethal dose was 35 Gy with the 220 
MeV carbon ion beam, 100 Gy with the 320 MeV carbon ion beam, 240 Gy with the 100 
MeV helium ion beam, and 300 Gy with gamma rays. Thus, the effect on lethality increased 
with increasing LET.  
 
1.3.2 Fertility 
The fertility decreased linearly with increasing irradiation dose (Fig. 1-2). The effect on 
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fertility also increased with increasing LET in the following order: 220 MeV carbon ion beam 
< 320 MeV carbon ion beam < 100 MeV helium ion beam < gamma rays. 
 
1.3.3 Effectiveness 
To evaluate the “effectiveness”, the relationship between the irradiation dose and the 
mutation frequency per M2 plant was shown (Fig. 1-3). The frequency of chlorophyll 
mutation increased linearly with increasing irradiation dose. The dose required to obtain the 
same mutation frequency increased in the following order: 220 MeV carbon ion beam < 320 
MeV carbon ion beam < 100 MeV helium ion beam < gamma rays. Thus, the effectiveness 
also increased with increasing LET, indicating that the “effectiveness” of ion beams was 
higher than that of gamma rays. The frequency of spontaneous mutation was approximately 
0.02%. 
 
1.3.4 Efficiency 
To evaluate the “efficiency” on the basis of lethality, the relationship between the 
mutation frequency and the survival rate is examined. Even if the same radiation type was 
applied by the same dose, the survival rate and the mutation frequency were different in every 
irradiation treatment, as shown in Fig. 1-1 and Fig. 1-3, respectively. Therefore, the mutation 
frequency and the survival rate of each irradiation treatment were plotted, and the relations 
between them are shown in Fig. 1-4 for M2 plants and Fig. 1-5 for M1 plants, respectively. 
The mutation frequency per M2 plant increased with decreasing survival rate caused by 
the irradiation treatment (Fig. 1-4). The relationship between the mutation frequency per M2 
plant and survival rate was not linear. The mutation frequencies increased markedly in the 
range where survival rate was 90–100%, whereas increased gradually in the range where 
survival rate was 90% or less. Therefore, the mutation frequencies were compared between 
the values at 70% and 90% survival rate. At a 90% survival rate, the mutation frequency per 
M2 plant with the 3 types of ion beams was approximately 1.7%, whereas that of gamma rays 
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was lower than those of the ion beams, approximately 1.0%. At 70% survival rate, the 320 
MeV carbon-ion beam showed the highest mutation frequency (2.0%), followed by the 100 
MeV helium-ion beam (1.9%), 220 MeV carbon-ion beam (1.8%), and gamma rays (1.3%). 
The relationship between the mutation frequency per M1 plant and the survival rate was 
similar to the case of the mutation frequency per M2 plant in each radiation (Fig. 1-5). At a 
90% survival rate, the 320 MeV carbon ion beam showed the highest mutation frequency 
(9.5%), followed by the 220 MeV carbon ion beam (9.3%), gamma rays (8.4%), and 100 
MeV helium ion beam (8.1%). At 70% survival rate, the 100 MeV helium ion beam showed 
the highest mutation frequency (10.2%), followed by the 220 MeV carbon ion beam (9.3%), 
320 MeV carbon ion beam (8.1%), and gamma rays (6.6%). 
These results suggest that the “efficiency” on the basis of lethality of ion beams was 
higher than that of gamma rays. The difference of “efficiency” on the basis of lethality 
between ion beams and gamma rays was slightly clear in the mutation frequency per M2 plant 
in comparison with the mutation frequency per M1 plant. 
To evaluate the “efficiency” on the basis of fertility, the relationship between the 
mutation frequency and the fertility was also examined. As shown in Fig. 1-2, the fertility was 
also different in every irradiation treatment even if the same radiation type was applied by the 
same dose. Therefore, the mutation frequency and the fertility of each irradiation treatment 
were plotted, and their relationship is shown in Fig. 1-6 for M2 plants and Fig. 1-7 for M1 
plants, respectively. The fertility and the mutation frequency per M2 plant showed a negative 
linear relationship for each type of radiation. The mutation frequency of ion beams increased 
significantly with decreasing fertility, and the same tendency was observed for gamma rays. 
The mutation frequencies at 60% fertility of the 220 MeV carbon ion beam and the 100 MeV 
helium ion beam were 1.4%, whereas those of 320 MeV carbon ion beam and gamma rays 
were lower, i.e., 1.1%. 
The fertility and the mutation frequency per M1 plant also showed a negative linear 
relationship (Fig. 1-7). The mutation frequency increased significantly with decreasing 
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fertility in 220 MeV carbon ion beam, the 100 MeV helium ion beam and gamma rays. At 
60% fertility, the 100 MeV helium ion beam showed the highest mutation frequency (8.0%), 
followed by the 220 MeV carbon ion beam (7.5%), 320 MeV carbon ion beam (7.2%), and 
gamma rays (6.7%). 
Thus, on the basis of fertility, ion beams induced higher frequencies of mutation than 
gamma rays, suggesting that the “efficiency” on the basis of fertility of ion beams was higher 
than that of gamma rays. Also in the efficiency on the basis of fertility, the difference between 
ion beams and gamma rays was slightly clear in the mutation frequency per M2 plant in 
comparison with the mutation frequency per M1 plant. 
 
1.3.5 Optimum irradiation dose 
The optimum irradiation dose for obtaining the highest number of mutants from the 
irradiated seeds was clarified from the relationship between the irradiation dose and the 
number of mutated M1 plants per sown M1 seed (Fig. 1-8). In both ion beams and gamma rays, 
the number of mutated M1 plants per sown M1 seed reached a maximum at a certain dose; at 
higher doses, the number of mutated M1 plants per sown M1 seed decreased with increasing 
dose. When quadratic curves were fitted to the plots for each radiation, the maximum 
numbers of mutated M1 plants per sown M1 seed was 8.5% at 22 Gy with the 220 MeV carbon 
ion beam, 9.4% at 73 Gy with the 320 MeV carbon ion beam, 7.6% at 187 Gy with the 100 
MeV helium ion beam, and 5.8% at 209 Gy with gamma rays. Thus, the maximum numbers 
of mutated M1 plants per sown M1 seed of the 3 types of ion beams were higher than that of 
gamma rays. The dose at which the number of mutated M1 plants per sown M1 seed was 
highest almost corresponded to the shoulder appearing in the survival curves for both ion 
beams and gamma rays (Fig. 1-1). 
 
1.3.6 Spectrum of chlorophyll mutation 
Both ion beams and gamma rays induced albina, xantha, viridis, and other mutants such 
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as striata (longitudinal white or yellow stripes) and maculata (green or yellow spots 
distributed over the leaf). Regardless of radiation type and irradiation dose, the frequency of 
albina was highest, followed by viridis (Fig. 1-9). When totaled at each radiation type, the 
frequency of albina was about 50%, whereas that of xantha ranged from 8%–15%, that of 
viridis ranged from 25%–30%, and that of other mutations ranged from 8%–13% in each 
radiation type (Fig. 1-10). Thus, no remarkable difference in the relative frequencies of each 
type of mutation was observed among the 3 types of ion beams and gamma rays. 
 
1.3.7 Segregation frequency 
In each radiation type, the number of strains that showed high segregation frequency of 
chlorophyll mutants increased with irradiation of a higher dose. As a result, the average of the 
segregation frequency increased with increase in the dosage. The segregation frequencies 
produced by ion beams seemed to be higher than those produced by gamma rays; the 
segregation frequencies for chlorophyll mutants induced by gamma rays remained constant at 
0.17 in the range of 200–300 Gy (Fig. 1-11). In contrast, segregation frequencies for mutants 
induced by 220 MeV carbon ion beam were 0.19–0.20 in the range of 20–40 Gy, those by 320 
MeV carbon ion beam were 0.18–0.22 in the range of 60–100 Gy, and those by 100 MeV 
helium ion beam were 0.16–0.20 in the range of 100–250 Gy. 
 
1.4 Discussion 
 
On the basis of fertility, the mutation frequency induced by ion beams equaled or exceeded 
that induced by gamma rays. On the basis of lethality, ion beams induced higher frequencies 
of mutation than gamma rays. Furthermore, mutation yield reached a maximum at the 
shoulder dose, which did not affect survival markedly, both in ion beams and gamma rays, 
and the maximum mutation yields in 3 types of ion beams were higher than that in gamma 
rays. This result also demonstrates that ion beams had high “efficiency” on the basis of 
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lethality. Thus, it was suggested that the efficiency of ion beams was equal or superior to that 
of gamma rays. 
Ekberg (1969) reported that 82% of sterility induced by ionizing radiations (neutrons and 
X-rays) was predominantly caused by chromosomal aberrations (translocations and 
inversions) in barley. Furthermore, the sterility caused by recessive mutations does not appear 
until the M2 generation. Therefore, it was believed that the sterility induced by ion beams and 
gamma rays also was mainly caused by chromosomal aberrations, as with neutrons and 
X-rays, though these factors of sterility were not clarified from my study. Consequently, it 
was believed that high “efficiency” on the basis of fertility means that mutation frequency is 
high in the degree of chromosomal aberrations. Yang and Tobias (1979) suggested that 
gamma rays cause more deleterious effects to cells than high-LET radiation when a certain 
density of genetic lesions is required to produce a given mutation, and that heavy ions could 
potentially induce viable mutants at a higher efficiency than gamma rays as a result. Thus, ion 
beams appear to efficiently induce mutants with little radiation damage. 
Some of the translocations and inversions were transmittable to the next generation 
(Ekberg 1969), thus causing sterility in later generations. Consequently, lower sterility in the 
M1 generation is desirable for seed propagated crops. Also, in vegetatively propagated crops, 
lower chromosomal aberrations are desirable because mutants of the M1 generations are used 
directly as cultivars. For these reasons, it was believed that a mutagen of “high efficiency” on 
the basis of fertility is better for obtaining a useful mutant. 
On the other hand, the relationship between the mutation frequency and irradiation dose 
showed that irradiation with a low dose of ion beams can induce the same mutation frequency 
induced by gamma rays. Therefore, the mutation frequencies per unit dose were higher with 
ion beams than with gamma rays, thus indicating that ion beams had a higher mutation 
effectiveness than gamma rays, which confirms the results of previous studies (Fujii et al. 
1966, Mei et al. 1994).  
The difference of the mutation frequency between ion beams and gamma rays was 
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slightly small in the mutation frequency per M1 plant in comparison with the mutation 
frequency per M2 plant. It might be due to the difference in the number of initial cells in shoot 
apical meristem after irradiation between ion beams and gamma rays; the number of initial 
cells after ion beam irradiation was less than that after gamma ray irradiation, as discussed 
later. The expected mutation frequency per M1 plant differs due to the number of initial cells 
in the seed; mutation frequency per M1 plant rises with increasing initial cells. Therefore, the 
mutation frequency per M1 plant of gamma rays was evaluated to be higher than that of ion 
beams even if the mutation frequencies per initial cells were the same between ion beams and 
gamma rays. From this reason, it was thought that the mutation induction effect should be 
compared using the mutation frequency per M2 plant considering the number of initial cells 
after treatments of mutagens.  
Kawai advised for rice to harvest M2 seeds from early developed panicles in order to 
obtain many mutants of independent genetic origin (qtd. in van Harten 1998). Osone (1963) 
reported that the generative tissues of the panicles in main culm were derived from corpus 
initial cells of the embryo, which consists of about 5 or 6 cells in maximum. Accordingly, the 
panicle of the main culm is chimeric, and therefore the segregation frequency of chlorophyll 
mutation in M2 seeds from main culm becomes less than 0.25 (Osone 1963). In my study, I 
harvested the panicles (M2 seeds) of the longest culms in each M1 plant, which were probably 
main culms, and the averages of the segregation frequency with every irradiation treatment 
were less than 0.25. 
The number of lines with high segregation frequency increased with higher irradiation 
doses. The segregation frequency shows the ratio of parts derived from the mutated cell in the 
panicle, i.e., the width of the mutated sector. It is unlikely that the parts derived from the 
mutated cell broaden without a change in the number of initial cells when the irradiation dose 
increases. It was thought that the increase of the segregation frequency was due to the 
decreasing number of initial cells as discussed by Yamaguchi (1962) and Osone (1963) 
previously. 
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In the present study, the segregation frequencies of ion beams were higher than those of 
gamma rays, indicating that the number of initial cells in seeds after irradiation with ion 
beams was smaller than that with gamma rays. The reason for this difference might be that ion 
beams cause serious damage because of their high LET, and compared to the number of 
gamma rays, a relatively small number of ion beams penetrate through cells (Tanaka 1999). It 
was assumed that some initial cells died even with a low irradiation dose of ion beams, and 
dead cells with serious damage would be mixed with live cells with little or no damage in 
apical meristems irradiated with ion beams. In contrast, it was assumed that chromosomes are 
uniformly irradiated at many points by gamma rays (Yang and Tobias 1979), and as a result, 
the degree of damage would not differ greatly among initial cells; almost all initial cells were 
uniformly dead or alive according to the irradiation dose. Thus, it is believed that this 
difference between ion beams and gamma rays causes the difference in the number of initial 
cells. 
A wide mutated sector is also useful because it facilitates the screening and establishment 
of mutants in mutation breeding, and it was shown that ion beams were superior with regard 
to this point in comparison with gamma rays. 
New mutagens are expected to have a different spectrum from the mutagens presently 
used. In the comparison of the spectrum of chlorophyll mutations, significant differences 
between ion beams and gamma rays were not revealed, because the relative frequency of each 
type of chlorophyll mutation induced by ion beams was similar to that induced by gamma 
rays; the frequency of albina was highest, followed by viridis. The same tendency was 
previously observed in rice treated with gamma rays (Ando 1968, Yamaguchi 1962), X-rays 
(Matsuo et al. 1958), and thermal neutrons (Matsuo et al. 1958, Yamaguchi 1962). The same 
results were also obtained using gamma rays (Doll and Sandfaer 1969), X-rays (Gustafsson 
1969), and neutrons (Gustafsson 1969) in similar studies performed with barley. However, the 
spectrum of mutations induced in barley by 2 chemical mutagens, ethylene oxide (Gustafsson 
1969) and ethyl methanesulfonate (Doll and Sandfaer 1969), differed from that induced by 
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radiation; the frequency of viridis was higher than that of albina. These results suggest that the 
relative frequency of each chlorophyll mutation induced by radiation might not vary among 
types of radiation, and that it is likely to differ from the frequencies produced by chemical 
mutagens. 
I found no difference in the spectrum of chlorophyll mutations between ion beams and 
gamma rays. Naito et al. (2005) showed that both high-LET carbon ions and low-LET gamma 
rays generate large deletions, regardless of the irradiation dose, and hypothesized that most 
deletions are not transmitted to progeny. In my study, the comparison of the spectrum was 
performed in M2 generation only on the mutations caused by deletions that were transmitted. 
This might be the reason why there were no differences in the spectrum between radiation 
types or irradiation doses. It has previously been reported in chrysanthemum (Nagatomi et al. 
1996) and carnation (Okamura et al. 2003) that specific flower color mutants that had not 
been obtained by gamma rays could be induced using ion beams. Naito et al. (2005) also 
described that non-transmissible mutations can survive over generations in vegetatively 
propagated crops and have probably contributed to the genetic improvement of such crops. 
The differences of the spectrum between ion beams and gamma rays might have appeared 
because both transmissible and non-transmissible mutations can be detected in vegetatively 
propagated crops such as chrysanthemum and carnation. However, further investigations are 
necessary to reveal differences in the spectrum of mutations, and it might be clarified during 
its use for mutation breeding aimed at various target traits in many crops. 
For practical uses of ion beams, the criteria for the irradiation dose are necessary. With 
regard to the optimum irradiation dose, to my knowledge, there are no experiment-based 
reports on gamma rays. Therefore, in the present study, I examined suitable irradiation doses 
from the perspective of obtaining the maximum number of mutant lines from the seeds sown 
after irradiation in both ion beams and gamma rays. As a result, the number of mutated lines 
per irradiated seed was highest at a dose that corresponded to the shoulder appearing in the 
survival curves in both ion beams and gamma rays. Irradiation at the shoulder dose does not 
21 
affect survival markedly, giving approximately 90% survival. My result demonstrated that 
irradiation with such low dose was enough to efficiently produce mutants. For gamma-ray 
treatment, a growth reduction for M1 seedlings of 30%–50% or a survival rate of 40%–60% in 
control plants has often been considered to be the criterion for a promising treatment. In order 
to avoid considerable change in the genetic background, treatments are nowadays performed 
with lower doses than the doses used for those criteria (van Harten 1998). The shoulder dose 
is lower in comparison to the 50% lethal dose, which has been considered to be a criterion for 
a promising treatment in gamma rays. In the use of my criteria, therefore, the change of the 
genetic background appeared to be lower, but this is outside the scope of my study. 
Consequently, the shoulder dose is considered to be a more suitable criterion for the 
assessment of irradiation treatment for efficiently obtaining useful mutants without 
considerably changing their genetic background. 
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Fig. 1-1. Effect of ion beam and gamma ray irradiation on the survival of rice seeds. 
 
Survival rate is expressed as the number of seedlings from the irradiated seeds divided by the 
number of seedlings from the non-irradiated seeds. ●: 220 MeV carbon ion beam; ○: 320 
MeV carbon ion beam; ▲: 100 MeV helium ion beam; △: gamma rays. Vertical bars indicate 
SE (n = 4 for the 220 and 320 MeV carbon ion beams; n = 3 for the 100 MeV helium ion 
beam and gamma rays). 
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Fig. 1-2. Effect of ion beam and gamma ray irradiation on fertility. 
 
Fertility is determined based on seed set in the panicles of 50 M1 plants selected at random 
from each lot, which consisted of more than 150 M1 plants derived from M1 seeds irradiated 
with each dose on the same day. ●: 220 MeV carbon ion beam, y = 90.6 − 1.64x, r = 
−0.918***; ○: 320 MeV carbon ion beam, y = 92.6 − 0.738x, r = −0.913***; ▲: 100 MeV 
helium ion beam, y = 97.6 − 0.240x, r = −0.959***; △: gamma rays, y = 94.2 − 0.162x, r = 
−0.896**. ** and *** Significant at 1% and 0.1% levels, respectively. 
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Fig. 1-3. Effect of ion beam and gamma ray irradiation on mutation induction. 
 
The mutation frequency is determined as the number of chlorophyll mutants divided by the 
number of M2 plants investigated, using the M1-plant progeny method. ●: 220 MeV carbon 
ion beam, y = 0.876 + 0.0305x, r = 0.563; ○: 320 MeV carbon ion beam, y = 0.145 + 0.0193x, 
r = 0.696; ▲: 100 MeV helium ion beam, y = −0.171 + 0.0103x, r = 0.934**; △: gamma rays, 
y = 0.124 + 0.00464x, r = 0.685. ** Significant at 1% level. 
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Fig. 1-4. Relationship between survival rate and mutation frequency. 
 
The mutation frequency is determined as the number of chlorophyll mutants divided by the 
number of M2 plants investigated, using the M1-plant progeny method. Survival rate is 
expressed as the number of seedlings from irradiated seeds divided by the number of 
seedlings from the non-irradiated seeds. The regression lines are calculated in the range of 
60%–95% survival and 90%–105% survival individually. 220 MeV carbon ion beam, y = 1.77 
− 0.0001x, r = −0.005 (for 60%–95% survival) and y = 6.91 − 0.057x, r = −0.496 (for 
90%–105% survival); 320 MeV carbon ion beam, y = 2.70 − 0.011x, r = −0.280 (for 
60%–95% survival) and y = 10.2−0.093x, r = −0.492 (for 90%–105% survival); 100 MeV 
helium ion beam, y = 3.1−0.018x, r = −0.635* (for 60%–95% survival) and y = 15.8 − 0.156x, 
r = −0.614 (for 90%–105% survival); gamma rays, y = 2.18 − 0.013x, r = −0.445 (for 
60%–95% survival) and y = 8.36 − 0.074x, r = −0.825 (for 90%–105% survival). * 
Significant at 5% level. 
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Fig. 1-5. Relationship between survival rate and mutation frequency per M1 plant. 
 
The mutation frequency is determined as the number of chlorophyll mutants divided by the 
number of M1 plants investigated, using the M1-plant progeny method. Survival rate is 
expressed as the number of seedlings from irradiated seeds divided by the number of 
seedlings from the non-irradiated seeds. The regression lines are calculated in the range of 
60%–95% survival and 90%–105% survival individually. 220 MeV carbon ion beam, y = 10.5 
− 0.0173x, r = −0.259 (for 60%–95% survival) and y = 35.4 − 0.290x, r = −0.636 (for 
90%–105% survival); 320 MeV carbon ion beam, y = 9.84 − 0.0249x, r = −0.019 (for 
60%–95% survival) and y = 30.2 − 0.23x, r = −0.350 (for 90%–105% survival); 100 MeV 
helium ion beam, y = 17.8−0.108x, r = −0.819* (for 60%–95% survival) and y = 55.9 − 
0.531x, r = −0.424 (for 90%–105% survival); gamma rays, y = 11.1 − 0.0644x, r = −0.465 
(for 60%–95% survival) and y = 23.8 − 0.171x, r = −0.375 (for 90%–105% survival). * 
Significant at 5% level.
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Fig. 1-6. Relationship between fertility and mutation frequency per M2 plant. 
 
The mutation frequency is determined as the number of chlorophyll mutants divided by the 
number of M2 plants investigated, using the M1-plant progeny method. Fertility is based on 
seed set in panicles of the longest culm in 50 M1 plants selected at random in each treatment. 
220 MeV carbon ion beam, y = 2.76 − 0.0225x, r = −0.743**; 320 MeV carbon ion beam, y = 
3.23 − 0.0383x, r = −0.644*; 100 MeV helium ion beam, y = 3.84 − 0.0400x, r = −0.911**; 
gamma rays, y = 2.41 − 0.022x, r = −0.587. * and ** Significant at 5 and 1% levels, 
respectively. 
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Fig. 1-7. Relationship between fertility and mutation frequency per M1 plant. 
 
The mutation frequency is determined as the number of chlorophyll mutants divided by the 
number of M1 plants investigated, using the M1-plant progeny method. Fertility is based on 
seed set in panicles of the longest culm in 50 M1 plants selected at random in each treatment. 
220 MeV carbon ion beam, y = 13.3 − 0.0963x, r = −0.842**; 320 MeV carbon ion beam, y = 
11.9 − 0.0778x, r = −0.618; 100 MeV helium ion beam, y = 19.6 − 0.194x, r = −0.875**; 
gamma rays, y = 11.8 − 0.0856x, r = −0.587. * and ** Significant at 5 and 1% levels, 
respectively. 
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Fig. 1-8. Relationship between irradiation dose and the number of mutated M1 plants per sown 
M1 seed. 
 
The number of mutated M1 plants per sown M1 seed is determined as the number of M1 plants 
that produced chlorophyll mutants in their progeny (M2 plant) divided by the number of sown 
M1 seeds sown after irradiation. ●: 220 MeV carbon ion beam, y = −0.696 + 0.780x − 
0.0174x2, r = 0.732*; ○: 320 MeV carbon ion beam, y = −8.52 + 0.493x − 0.0034x2, r = 
0.726*; ▲: 100 MeV helium ion beam, y = −3.462 + 0.118x − 0.000315x2, r = 0.869***; △: 
gamma rays, y = 1.83 + 0.0383x − 0.0000916x2, r = 0.218. * and *** Significant at 5% and 
0.1% levels, respectively. 
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Fig. 1-9. Frequency distribution of the different types of chlorophyll mutants induced by ion 
beam and gamma ray irradiation. 
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Fig. 1-10. Frequency of the different types of chlorophyll mutants induced by ion beam and 
gamma-ray irradiation. 
 
The frequency is determined as the number of each type of chlorophyll mutants divided by 
the total number of chlorophyll mutants induced each radiation type. 
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Fig. 1-11. Frequency distribution of segregation frequency of chlorophyll mutants induced by 
ion beam and gamma ray irradiation. 
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Chapter 2 
 
Effects of ion beam irradiation on mutation induction and nuclear DNA 
content in chrysanthemum 
 
2.1 Introduction 
 
Chrysanthemum is a widely cultivated ornamental plant worldwide. Mutation is an important 
tool in chrysanthemum breeding. Many mutant cultivars have been produced by spontaneous 
mutations (sports) and artificial mutations with gamma rays or X-rays. 
In Japan, ion beams that consist of ion particles, accelerated by a cyclotron, have been 
used to induce mutations since the 1990s. Ion beams have high linear energy transfer (LET), 
and thus, greater biological effects compared to low LET radiations such as gamma rays and 
X-rays. Thus, ion beams are expected to produce higher mutation frequencies and novel 
mutants. It has been demonstrated that ion beams induce mutations at high frequency and 
produce broad mutation spectrum, including novel mutants, in Arabidopsis (Hase et al. 2000, 
Shikazono et al. 2003, Tanaka et al. 1997, Tanaka et al. 2002). Recently, mutation induction 
by ion beam irradiation has been carried out in various plants, particularly ornamental plants 
such as carnation (Okamura et al. 2003), cyclamen (Sugiyama et al. 2008), dahlia (Hamatani 
et al. 2001), Delphinium (Chinone et al. 2008), Dianthus (Sugiyama et al. 2008), Limonium 
(Chinone et al. 2008), orchid (Affrida et al. 2008), osteospermum (Iizuka et al. 2008), petunia 
(Miyazaki et al. 2002), rose (Hara et al. 2003, Yamaguchi et al. 2003), torenia (Miyazaki et al. 
2006, Sasaki et al. 2008), and verbena (Kanaya et al. 2008). 
The use of ion beams for inducing mutations in chrysanthemum breeding has also been 
attempted (Furutani et al. 2008, Nagatomi et al. 1998, Shirao et al. 2007, Suzuki et al. 2005, 
Ueno et al. 2005, Wakita et al. 2008, Watanabe et al. 2008). Thus, ion beam-specific flower 
color mutants that had not been obtained using gamma rays were obtained by the 
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above-mentioned programs (Nagatomi et al. 1998). Moreover, new mutant varieties with 
different flower colors (Nagatomi et al. 2003) and reduced lateral buds (Ueno et al. 2005) 
have been developed. Thus, ion beams can produce useful mutations for chrysanthemum 
breeding. 
Although radiation treatment induces mutations, it also causes radiation damage. Konzak 
et al. (1965) suggested that not only mutation induction effect but also the plant damage 
caused by irradiation treatment, such as chromosomal aberrations, should be considered for 
the use of any mutagen in plant breeding. Reduction in chromosome number was reported in 
chrysanthemums irradiated with gamma rays or X-rays (Dowrick and El-Bayoumi 1966, 
Ichikawa et al. 1970). Reduction in chromosome number is generally undesirable in 
development of commercial varieties of chrysanthemums because it is correlated with 
reduction in the diameter of inflorescence (Ichikawa et al. 1970). Therefore, it is necessary to 
consider radiation damage to chromosomes in addition to mutation frequency in 
chrysanthemum breeding. However, the influence of ion beam irradiation on chromosomes 
has not been clarified. 
Nuclear DNA content is easily measured by flow cytometry. The gain or loss of a single 
chromosome can be detected by this method, as shown in Musa (Roux et al. 2003), ryegrass 
(Barker et al. 2001), and wheat-rye addition lines (Bashir et al. 1993, Pfosser et al. 1995). 
Moreover, Yamaguchi et al. (2008) reported that nuclear DNA content of chrysanthemums 
decreased with increasing dose and dose rate of gamma rays, indicating that the nuclear DNA 
content could be used as an index of radiation damage. 
In this study, I investigated the effects of ion beam irradiation on mutation induction and 
examined the nuclear DNA content as an index of radiation damage in chrysanthemums. 
Furthermore, the spectrum of flower color mutations was compared to those produced using 
gamma rays. 
 
2.2 Materials and Methods 
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2.2.1  Plant materials 
The chrysanthemum (Chrysanthemum morifolium) cultivar “Taihei” was used for this 
study.  
 
2.2.2  Irradiation treatment and tissue culture 
Leaf segments (10 × 5 mm) were cut from in vitro plants and placed on MS medium 
(Murashige and Skoog 1962) supplemented with 1 mg/l 6-benzylaminopurine (BA), 0.2 mg/l 
1-naphthaleneacetic acid (NAA), 2% sucrose, and 0.9% agar in a 6-cm Petri dish. The dishes 
were sealed with polyimide film. 
After 3–4 days, the leaf segments were irradiated with 220 MeV carbon ions (mean LET 
107 keV/µm) at doses of 1, 2, 3, and 5 Gy; 320 MeV carbon ions (mean LET 76 keV/µm) at 
doses of 1, 2, 3, and 5 Gy; and 100 MeV helium ions (mean LET 9 keV/µm) at doses of 2, 5, 
10, and 15 Gy generated by an AVF-cyclotron (Japan Atomic Energy Agency, Takasaki, 
Japan). Gamma rays were applied at doses of 10, 20, 30, and 40 Gy at a dose rate of 10 Gy 
per hour in the gamma room of the Institute of Radiation Breeding (National Institute of 
Agrobiological Sciences, Hitachi-omiya, Japan). 
After irradiation treatment, the leaf segments were transferred onto MS medium 
supplemented with 1 mg/l BA, 0.2 mg/l NAA, 2% sucrose, and 0.9% agar in 100-ml conical 
beakers to induce calluses. After 17 or 18 days, the leaf segments were transferred onto MS 
medium supplemented with 1 mg/l BA, 0.1 mg/l NAA, 2% sucrose, and 0.9% agar in 100-ml 
conical beakers to allow shoots to regenerate. 
 
2.2.3  Regeneration rate 
The regeneration rate was investigated 6 weeks after transferring to the regeneration 
medium. Irradiation treatments were repeated four times for the 220 and 320 MeV carbon ion 
beams and the 100 MeV helium ion beam and five times for gamma rays, using 60–100 leaf 
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segments per irradiation treatment. The regeneration rates were determined as the ratio of the 
number of leaf explants from which one or more shoots regenerated to the number of 
irradiated leaf explants. 
 
2.2.4  Flower color mutation 
Only one shoot was taken from each leaf segment to eliminate duplication of the mutated 
shoots originating from a single mutated cell. These regenerated shoots were cultured on MS 
medium supplemented with 1% sucrose and 0.9% agar. Rooted shoots were acclimatized and 
then transplanted in a field in June. In November, flower color mutations were investigated 
using 128–399 plants per irradiation treatment, shown in Table 2-1. Mutation frequencies 
were determined as the ratios of the number of flower color mutants to the number of 
investigated plants.  
 
2.2.5  Flow cytometric analysis 
The nuclear DNA content was measured by flow cytometric analysis according to 
Yamaguchi et al. (2008). Leaves of the garden pea (Pisum sativum cv. Narikoma Sanjunichi) 
were used as an internal reference standard and the nuclear DNA content of the sample was 
determined by comparing the peak position of the nuclei of the garden pea with that of the 
sample. Each plant was measured twice for its nuclear DNA content using two leaves on two 
different days. A plant maintained by vegetative propagation but not irradiated was used as a 
control. A control sample was measured for approximately every 10 samples and at the 
beginning and end of the measurement on each day. Relative nuclear DNA content was 
expressed as the ratio of the nuclear DNA content of the investigated plants divided by that of 
the non-cultured control plants; the data for both control and experimental plants were 
collected on the same day. Fifty regenerated plants were used from each irradiation treatment 
as follows: 1, 2, and 3 Gy of the 220 MeV carbon ion beam; 2, 3, and 5 Gy of the 320 MeV 
carbon ion beam; 2, 5, and 10 Gy of the 100 MeV helium ion beam; and 10, 20, and 30 Gy of 
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gamma rays, and from non-irradiated leaf explants. 
 
2.2.6  Plant size 
In order to investigate the relationship of leaf size and diameter of inflorescence to 
nuclear DNA content, 38–48 regenerated plants with 0.94–1.01 relative nuclear DNA content 
and no change in leaf and flower shape were selected from each irradiation treatment using 
220 MeV carbon ion beam and gamma rays. A plant maintained by vegetative propagation 
without irradiation treatment was used as a control. 
Four rooted cuttings from each plant were planted in four blocks with one plant per block 
using a randomized block design in July. Seven days later, the terminal buds of the cuttings 
were pinched off, and three lateral shoots per plant were allowed to develop. They were 
grown under natural day length, and the uppermost flower of each shoot was allowed to 
develop by disbudding the lateral buds. The length and width of the five largest leaves and the 
diameter of inflorescence in each of three shoots per plant were measured in November. 
 
2.3 Results 
 
2.3.1  Regeneration 
Callus formation was unaffected by the irradiation dose within the range of the dose of 
each ion beam and gamma rays used in this study. However, shoot regeneration from calluses 
was affected by the irradiation dose; the regeneration rate decreased with increasing 
irradiation dose (Fig. 2-1). The regeneration rate was 50% at 3 Gy of the 220 MeV carbon ion 
beam, 5 Gy of the 320 MeV carbon ion beam, 10 Gy of the 100 MeV helium ion beam, and 
25 Gy of the gamma rays. Thus, the effects on regeneration increased with increasing LET. 
 
2.3.2  Nuclear DNA content 
The relative nuclear DNA content in plants that were regenerated from non-irradiated leaf 
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segments ranged from 0.98 to 1.03, with an average of 1.00 (Fig. 2-2). In contrast, some 
plants that were regenerated from irradiated leaf segments had low relative nuclear DNA 
content. The lowest relative nuclear DNA content was 0.92, that is, an 8% reduction 
compared to the control plant, equivalent to a reduction of approximately 4 of the 54 
chromosomes of C. morifolium.  
In all irradiation treatments in this study, the number of plants with a relative nuclear 
DNA content below 0.97, which is below the range for plants regenerated from non-irradiated 
leaf segments, increased significantly (chi-square test for independence, P < 0.01), and the 
average nuclear DNA content was significantly lower (Kruskal-Wallis test, P < 0.01) than that 
of plants regenerated from non-irradiated leaf segments. Thus, irradiation treatment caused a 
reduction in the nuclear DNA content in chrysanthemum. 
The change in the nuclear DNA content according to the irradiation dose differed 
between the three types of ion beams and gamma rays. With the 320 MeV carbon ion beam, 
100 MeV helium ion beam, and gamma rays, the number of plants with a relative nuclear 
DNA content below 0.97 increased significantly with increasing irradiation dose (chi-square 
test for independence, 100 MeV helium ion beam and gamma rays, P < 0.01; 320 MeV 
carbon ion beam, P < 0.05), and the average nuclear DNA content decreased significantly 
(Kruskal-Wallis test, P < 0.01). On the other hand, with the 220 MeV carbon ion beam, the 
average nuclear DNA content did not decrease and the number of plants with a relative 
nuclear DNA content below 0.97 did not increase, even when the irradiation dose increased. 
To clarify the difference in the influence of irradiation on the nuclear DNA content 
among the three types of ion beams and gamma rays, I compared the nuclear DNA content at 
each irradiation dose that gave an approximately 50% regeneration rate: 3 Gy of the 220 MeV 
carbon ion beam, 5 Gy of the 320 MeV carbon ion beam, 10 Gy of the 100 MeV helium ion 
beam, and 20 Gy of gamma rays. At 3 Gy of the 220 MeV carbon ion beam and 20 Gy of 
gamma rays, the average nuclear DNA content was 0.98 and the number of plants with a 
relative nuclear DNA content below 0.97 was similar: 23 and 21 out of 50 plants. In contrast, 
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the average nuclear DNA content was 0.96 at 5 Gy of the 320 MeV carbon ion beam and 10 
Gy of the 100 MeV helium ion beam. The number of plants with a relative nuclear DNA 
content below 0.97 was 38 and 41 out of 50 plants, respectively. Thus, the influence of the 
320 MeV carbon ion beam and the 100 MeV helium ion beam on nuclear DNA content was 
larger than that of the 220 MeV carbon ion beam and gamma rays. 
 
2.3.3  Relationship between plant size and nuclear DNA content 
There was a significant correlation between the nuclear DNA content and leaf length in 
plants obtained from treatment with 220 MeV carbon ion beam (r = 0.472**) or gamma rays 
(r = 0.427**); the smaller the nuclear DNA content, the shorter the leaf length (Fig. 2-3). 
Leaves of the plants with decreased nuclear DNA content were smaller, as demonstrated by 
the significant correlation of leaf length with leaf width (r = 0.915**) (data not shown). The 
diameter of inflorescences was significantly correlated with nuclear DNA content for the 
gamma ray treatment (r = 0.608**). The diameter of inflorescences showed a tendency to 
decrease with decreasing nuclear DNA content using the 220 MeV carbon ion beam treatment 
(r = 0.290). The regression slopes of the nuclear DNA content and diameter of inflorescences 
shows a significant difference between the 220 MeV carbon ion beam and gamma ray 
treatments (t = 2.432, P < 0.05). 
 
2.3.4  Mutation frequency 
The frequency of flower color mutations increased with increasing irradiation dose in all 
types of irradiation (Fig. 2-4). The dose required to obtain the same mutation frequency 
increased in the following order: 220 MeV carbon ion beam < 320 MeV carbon ion beam < 
100 MeV helium ion beam < gamma rays. Thus, as LET rose, the mutation frequency per 
dose increased. The frequency of spontaneous flower color mutation for the tissue culture 
method used in this study was 0.6% (Yamaguchi et al. 2008). 
To compare mutation frequencies among the ion beams and gamma rays, the 
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relationships between the mutation frequency and regeneration rate (Fig. 2-5), and the 
mutation frequency and nuclear DNA content (Fig. 2-6) were investigated. When based on 
regeneration rate, the mutation frequencies of the ion beams were usually higher than that of 
gamma rays. On the other hand, when based on the reduction in the nuclear DNA content, the 
mutation frequencies due to the 220 MeV carbon ion beam, 320 MeV carbon ion beam, and 
gamma rays were similar, whereas those of the 100 MeV helium ion beam were lower than 
those of the other radiations. 
 
2.3.5  Spectrum of flower color mutations 
Eleven types of flower color mutants were obtained from the donor cultivar “Taihei,” 
which has a pink flower color. The number of each type obtained with each treatment is 
shown in Table 2-1. No ion beam- or gamma ray-specific mutant emerged, and there was no 
difference in the relative frequencies of each flower color mutation, but I were unable to 
perform statistical analysis to verify this hypothesis because the number of each type of 
flower color mutant was too small. 
 
2.4 Discussion 
 
There were differences in the mutation induction effect and nuclear DNA content, that is, 
radiation damage due to the three types of ion beams and gamma rays. In addition, the 
relationships between mutation induction and reduction in nuclear DNA content also differed. 
Flower color mutants, which did not have reduced nuclear DNA content, were observed 
(data not shown), indicating that a reduction in the nuclear DNA content was not essential for 
flower color mutations. A decrease in the nuclear DNA content is undesirable in 
chrysanthemum, because it is correlated to reduction of inflorescence diameter as well as the 
chromosome number. Consequently, radiation that induces mutations at high frequency with 
little influence on the nuclear DNA content is desirable for chrysanthemum breeding. Thus, 
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the 220 MeV carbon ion beam was the most suitable among the three types of ion beams used 
in the study. Mutation frequency with the 220 MeV carbon ion beam was not low compared to 
the other ion beams and gamma rays (Fig. 2-4, Fig. 2-5, Fig. 2-6), while there was little 
reduction in the nuclear DNA content as the irradiation dose increased (Fig. 2-2). In contrast, 
when the irradiation dose of the 100 MeV helium ion beam increased, the nuclear DNA 
content reduced, although the mutation frequency did not increase compared to the other 
treatments. Gamma rays are considered to be suitable for obtaining mutants with less 
radiation damage (Fig. 2-6). 
In my study, the 320 MeV carbon ion beam with LET 76 keV/µm was the most effective 
in inducing flower color mutants (Fig. 2-4, Fig. 2-5). Whereas, in an experiment carried out 
using the same ion beams, the 100 MeV helium ion beam with LET 9 keV/µm was the most 
effective for inducing chlorophyll mutants in rice (Yamaguchi et al. 2009). Kazama et al. 
(2008) reported that the mutation induction effect was LET-dependent regardless of ion 
species. Therefore, it is possible that the difference in the most effective ions among the 
experiments was not due to ion species but due to LET of each ion beam. Kazama et al. 
(2008) reported that LET of 30 KeV/µm was the most effective for inducing albino mutants in 
the M2 generation of Arabidopsis. Consequently, it is possible that the optimum LET for 
mutation induction differs among species. 
A new mutagen is expected to induce novel mutants. In carnations (Okamura et al. 2003) 
and chrysanthemums (Nagatomi et al. 1998), ion-beam-specific flower color mutants, which 
are not obtained using gamma rays, were induced by ion beams. In contrast, Yamaguchi et al. 
(2009) reported that no remarkable difference was observed in the relative frequencies of the 
three types of chlorophyll mutations (albina, xantha, and viridis) in rice among ion beams and 
gamma rays. In my study, the spectrum did not seem to differ among ion beams and gamma 
rays because neither ion-beam- nor gamma-ray-specific mutant was observed, and there was 
no difference in the relative frequencies of each flower color mutation. 
I did not obtain any ion-beam-specific mutants as described by Nagatomi et al. (1998) 
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despite using the same chrysanthemum variety “Taihei.” Nagatomi et al. (2000) reported that 
the frequency of flower color mutations differed according to the irradiated plant materials. 
Flower color mutants were obtained at a higher frequency when cultured petals were 
irradiated rather than cultured leaves. This result suggests that mutagenesis in genes related to 
flower color differs between petal and leaf. Nagatomi et al. (1998) used petals while I used 
leaves in the present study, which may be the reason for not obtaining ion-beam-specific 
flower color mutants in my study. 
Nuclear DNA content as well as chromosome number (Dowrick and Bayoumi 1966, 
Ichikawa et al. 1970) was correlated with plant size, though there was a difference in the 
relationship between the decrease in nuclear DNA content and reduction of inflorescence 
diameter between the 220 MeV carbon ion beam and gamma rays (Fig. 2-3). Roux et al. 
(2003) suggested that the use of flow cytometry may contribute to rejection of mutants with 
undesirable agro-morphological traits in Musa. Flow cytometry can be used to estimate 
radiation damage in chrysanthemums and facilitate the rejection of mutants with severe 
radiation damage that results in smaller plants. 
Ion beams have been widely used to induce mutations, but there are few reports 
comparing their characteristics to those of gamma rays. Further investigations through 
mutation breeding programs of various crops are necessary to clarify the characteristics of the 
effects of ion beams. 
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Table 2-1. Type and number of flower color mutants induced by ion beam and gamma ray 
irradiation. 
Pale
pink
Rather
pale
pink
Deep
pink White
Pinkish
white Yellow
Pale
yellow Orange
Deep
orange
Pale
pink/
yellow*
Pale
yellow/
yellow*
Other
5 159 5 0 0 5 2 0 2 6 0 0 3 0
3 337 9 5 0 4 3 0 1 6 2 0 2 0
2 354 11 1 0 5 4 0 1 4 1 0 2 0
1 330 1 2 0 5 2 0 1 4 1 0 0 0
5 239 10 1 2 2 6 0 7 10 0 1 0 0
3 320 7 0 1 3 2 0 3 1 6 0 0 0
2 287 7 1 1 1 0 0 4 5 1 0 0 0
1 268 1 0 0 0 0 0 2 0 3 0 0 0
15 138 6 3 0 1 2 0 1 2 1 0 0 1
10 225 2 1 0 6 1 1 0 2 1 0 0 0
5 291 2 0 0 0 0 0 0 3 0 0 0 0
2 275 2 0 0 0 0 0 0 1 0 0 0 0
40 128 3 1 1 1 0 0 0 1 4 0 1 0
30 184 3 0 1 1 2 0 1 5 0 0 0 0
20 244 4 1 0 2 0 0 0 3 0 0 3 0
10 399 6 0 0 2 1 0 2 2 0 0 2 0
Non irradiation  937 2 0 0 0 0 0 0 0 0 1 2 1
100 MeV
helium ion beam
Gamma rays
No. of flower color mutants
220 MeV
carbon ion beam
320 MeV
carbon ion beam
Radiation Dose(Gy)
No. of plant
investigated
 
*: color of outer ray floret/color of inner ray floret. The flower color of original cultivar 
“Taihei” is pink. Data shown in “Non irradiation” were taken from the regenerated plants 
from non-irradiated leaf explants. 
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Fig. 2-1. Effect of ion beam and gamma ray irradiation on regeneration in chrysanthemum.  
 
●: 220 MeV carbon ion beam; ○: 320 MeV carbon ion beam; ▲: 100 MeV helium ion beam; 
△: gamma rays; Vertical bars indicate SE (n = 4 for 220 and 320 MeV carbon ion beams and 
100 MeV helium ion beam; n = 5 for gamma rays). 
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Fig. 2-2. Effect of ion beam and gamma ray irradiation on nuclear DNA content in 
chrysanthemum.  
 
The bottom and top of the box represent the 25th and 75th percentile, respectively. The band in 
the box represents the median. The ends of the whiskers represent the 10th and 90th percentile, 
respectively. Dots plotted inside the box represent the average data. Relative nuclear DNA 
content is expressed as the ratio of the nuclear DNA content of the investigated plants divided 
by that of the non-cultured control plants. Data shown in “Non irradiation” were taken from 
the regenerated plants from non-irradiated leaf explants.  
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Fig. 2-3. Relationship between nuclear DNA content and length of leaf, diameter of 
inflorescence in chrysanthemum. 
 
●, solid line: 220 MeV carbon ion beam, leaf; y = − 171 + 259x, r = 0.472**, inflorescence; y 
= 30.3 + 94.1x, r = 0.290; △, dotted line: gamma rays, leaf; y = − 146 + 235x, r = 0.427**, 
inflorescence; y = − 167 + 292x, r = 0.608**; ×: control plant, **: Significant at 1 % level. 
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Fig. 2-4. Effect of ion beam and gamma ray irradiation on frequency of flower color 
mutations in chrysanthemum.  
 
●: 220 MeV carbon ion beam; ○: 320 MeV carbon ion beam; ▲: 100 MeV helium ion beam; 
△: gamma rays. 
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Fig. 2-5. Relationship between regeneration rate and frequency of flower color mutations in 
chrysanthemum.  
 
●: 220 MeV carbon ion beam, y = 15.7 − 0.110x, r = −0.986*; ○: 320 MeV carbon ion beam, 
y = 28.3 − 0.249x, r = −0.965*; ▲: 100 MeV helium ion beam, y = 16.0 − 0.161x, r = 
−0.998**; △: gamma rays, y = 11.3 − 0.0975x, r = −0.945. *and** Significant at 5% and 1% 
levels, respectively. 
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Fig. 2-6. Relationship between nuclear DNA content and frequency of flower color mutations 
in chrysanthemum.  
 
●: 220 MeV carbon ion beam, y = 900 − 914x, r = −0.997*; ○: 320 MeV carbon ion beam, y 
= 572 − 581x, r = −0.875; ▲: 100 MeV helium ion beam, y = 187 − 188x, r = −0.995; △: 
gamma rays, y = 196 − 194x, r = −0.996. * Significant at 5% level. 
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Chapter 3 
 
Mutation induction with ion beam irradiation in rose 
 
3.1 Introduction 
 
Mutation breeding has played an important role in crop improvement, and more than 3,100 
mutant cultivars have been released. For the induction of mutation, gamma rays and X-rays 
are widely used as a mutagen. Ion beams have a very high linear energy transfer (LET) and 
relative biological effectiveness (RBE). Therefore, we surmise that the effects of ion beams 
are different from those of gamma rays and X-rays, and we expect ion beams to be a new 
mutagen. 
The effectiveness of ion beams on mutation has been investigated in Arabidopsis (Hirono 
et al. 1970) and in rice (Mei et al. 1994). These results showed that ion beams are more 
effective than gamma rays and X-rays. Furthermore, in Arabidopsis, some novel findings, 
such as a mutant with spotted accumulations of pigment in the testa (Tanaka et al. 1997), a 
UVB-resistant mutant (Tanaka et al. 2002), and a flower shape mutant (Hase et al. 2000) were 
isolated. Moreover, in chrysanthemum, specific flower color mutants that were not obtained 
by gamma rays were induced with ion beam irradiation (Nagatomi et al. 1998). These 
results indicate that ion beams are very useful as a mutagen. 
Mutation breeding is very useful, particularly for vegetatively propagated crops. However, 
in mutation breeding, chimerism presents a major problem. The method of repeated cutting 
back is useful to establish solid mutants and used with many species. In gamma rays and 
X-rays, a lot of mutant varieties were isolated by this method after irradiation. However, the 
mutation effects by ion beam irradiation to meristematic buds have not been studied in depth. 
In this study, I investigate the efficiency of mutation induction in rose by ion beam 
irradiation on axillary buds in combination with repeated cutting back. 
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3.2 Materials and Methods 
 
Two cultivars of rose, “Orange Rosamini” and “Red Minimo,” were grown by in vitro culture 
to retain thin stems. The stems were cut at one node with one bud, and the node segments 
were inoculated in an upward position onto MS medium (Murashige and Skoog 1962) 
supplemented with 2 mg/l benzylaminopurine, 0.01 mg/l 1-naphthaleneacetic acid, 2 % 
sucrose, and 0.9 % agar by plating 20 explants to each 6-cm Petri dish. They were irradiated 
with various doses of the 100 MeV helium ion (mean LET 9 keV/μm) and the 220 MeV 
carbon ion (mean LET 107 keV/μm) using an AVF cyclotron (Japan Atomic Energy Agency, 
Takasaki, Japan). After irradiation, the buds were inoculated onto fresh medium. The survival 
rate was investigated 2 months after irradiation.  
Elongated shoots were cut into short stems each with a few buds and then plated on fresh 
medium. Afterwards, newly elongated shoots from those buds were treated in the same 
manner. These shoots were rooted and acclimated, and the mutations in the characteristics of 
the flower were investigated by applying repeated cutting back. 
 
3.3 Results and Discussion 
 
The influence of ion beam irradiation to axillary buds on survival in rose is shown in Fig. 3-1. 
In the case of 100 MeV helium ion irradiation to the “Red Minimo,” the survival rate 
decreased when the dose increased. Although the dose-response curve was only obtained by 
100 Gy, the 50% lethal dose (LD50) could be estimated to be 200 Gy. Also in the “Orange 
Rosamini,” the survival rate decreased with increasing dose and the LD50 was estimated to be 
50–75 Gy. The survival rate also decreased with carbon ion irradiation in “Orange Rosamini.” 
However, the relationship between the irradiation dose and survival rate was not apparent. I 
supposed that ion particles could not reach to all target cells in buds because of the short 
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penetration depth of the 220 MeV carbon ion, therefore, all buds were not completely killed 
with even high irradiation dose. 
In the case of irradiation with 100 MeV helium ion beam, mutations were induced in 
plants derived from 10 buds among 61 irradiated buds in “Red Minimo” (Table 3-1) and in 
plants derived from 9 buds among 56 irradiated buds in “Orange Rosamini” (Table 3-2). 
Mutants were obtained with a dose of 20–40 Gy to “Red Minimo” and 10–30 Gy to “Orange 
Rosamini,” respectively, but these doses did not affect survival in either cultivar.  
In the case of irradiation with 220 MeV carbon ion beam, mutations were observed in 
plants derived from 12 buds among 88 irradiated buds in “Orange Rosamini” (Table 3-3). 
Mutations were induced not only in higher doses but also in lower doses, 5 Gy, at which the 
influence of irradiation on survival rate was hardly observed, as in the case of irradiation with 
the 100 MeV helium ion beam. 
As a result of irradiation with both ion beams, mutants in the number of petals, in flower 
size and in flower shape were induced in each cultivar. In flower color, mutants of more 
intense flower color than parent cultivar and mutant of reddish flower color were obtained, 
but no drastic changes into such as yellow, white and pink flower colors were observed. 
These results suggest that ion beams could be used as a mutagen with the combined 
method of irradiation on axillary buds with repeated cutting back. Although in vitro culture 
also made it possible to avoid the formation of chimeras and to obtain solid mutants, it is 
difficult to apply this technique to some species and some cultivars. In contrast, the method of 
repeated cutting back is available for various crops. Therefore, I think this method will 
enlarge the mutation breeding with ion beam irradiation. 
In mutation breeding with gamma ray irradiation, a survival rate of 40%–60% in 
comparison to the control plants is taken as a criterion for a promising radiation treatment 
(van Harten 1998). In the present study, the experiment with gamma rays was not conducted, 
and, thus, the effects of ion beams can not be compared to those of gamma rays. However, 
mutation was induced with high frequency even in doses of ion beam irradiation that did not 
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affect survival. The outcome suggests that the effects of ion beams on mutation induction are 
different from those of gamma rays.   
In chrysanthemum, the specific mutant in flower color was obtained by a combined 
method of ion beam irradiation with in vitro culture (Nagatomi et al. 1998). In contrast, no 
drastic mutation was observed in the present study. It is not apparent whether this is due to the 
applied method or the difference in characteristics between rose and chrysanthemum. The 
difference of spectrum in induced mutants is one of the important concerns in mutation 
breeding and, thus, it remains to be further investigated. 
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Table 3-1.  Effects of 100 MeV helium ion irradiation to axillary buds of “Red Minimo” on 
the induction of mutation. 
Phenotypes of
mutants
40 6 2 Smaller flower size, larger petal number
30 15 4 Fewer petal number, larger petal number, 
                         smaller flower size, light flower color
20 11 4 Smaller flower size (2), light flower color,
                         fewer petal number
10 14 0
5 15 0
Dose
(Gy)
No. of No. of buds
irradiated buds induced mutants
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Table 3-2.  Effects of 100MeV helium ion irradiation to axillary buds of “Orange Rosamini” 
on the induction of mutation. 
Phenotypes of
mutants
30 9 2 Intense flower color, fewer petal number
20 17 5 Flower shape, smaller flower size (2),
petal shape, fewer petal number
10 18 2 Petal shape, light flower color
5 12 0
Dose
(Gy)
No. of No. of buds
induced mutantsirradiated buds
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Table 3-3.  Effects of 220 MeV carbon ion irradiation to axillary buds of “Orange Rosamini” 
on the induction of mutation. 
Phenotypes of
mutants
100 7 2 Intense flower color, flower shape
70 10 1 Flower shape
50 12 0
40 11 1 Fewer petal number
30 11 0
20 10 0
10 10 1 Smaller flower size
5 17 7 Bigger flower size, fewer petal number(4),
light flower color, reddish flower color
Dose
(Gy)
No. of No. of buds
irradiated buds induced mutants
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Fig. 3-1. Influence of ion beam irradiation to axillary buds on survival in rose.  
 
(A) 100 MeV helium ion irradiation to “Red Minimo.” (B) 100 MeV helium ion irradiation to 
“Orange Rosamini.” (C) 220 MeV carbon ion irradiation to “Orange Rosamini.” 
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Chapter 4 
 
Mutation induction with ion beam irradiation of lateral buds of 
chrysanthemum and analysis of chimeric structure of induced mutants 
 
4.1 Introduction 
 
Ion beams have high linear energy transfer (LET) and higher biological effectiveness than 
radiations with low LET such as gamma rays (Fujii et al. 1966, Hirono et al. 1970, Mei et al. 
1994, Tanaka et al. 1997). Owing to these differences, ion beams are expected to have higher 
mutation induction effects than gamma rays. Another characteristic of ion beams is that it 
deposits energy locally and transfers high energy to the target, in contrast to the gamma rays 
which shows uniform distribution. Owing to these characteristics, it is believed that large 
differences exist between the radiation damage by ion beams and that by gamma rays. 
Angiosperm plants consist of three layers LI, LII, and LIII (outer to inner; qtd. in 
Broertjes et al. 1988). On irradiating the apical meristem with gamma rays, periclinal chimera 
mutants are generally obtained, in which the genotype of only one layer is different from the 
original genotype (Bowen 1965, Langton 1980). Furthermore, the following phenomena were 
reported; a new operative apex from cells in or near the axillary regions occasionally 
regenerated in recovery following irradiation in Taxus media (Miksche et al. 1962). 
Observation of apple and peach after gamma ray irradiation showed that in heavily damaged 
primary buds with dead apical meristem, the recovery of axillary meristems depended on a 
small number of surviving cells (Lapins et al. 1970). A large mutated sector could be obtained 
using such effects with irradiation, e.g., entire-shoot mutation in Antirrhinum and 
non-chimeric mutated fruit in Lycopersicon were obtained by sublethal irradiation with 
gamma rays (Yamakawa et al. 1968).  
Ion beam irradiation would be more useful for allowing few initial cells of the apical 
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meristem to survive in comparison to gamma rays. Therefore, ion beams might be more 
effective to allow the expansion of mutated sectors than gamma rays through the layers, 
which results in solid mutants. 
It is possible to confirm the nature of chimeric structure of mutants, whether solid 
mutants or periclinal chimeras. Chrysanthemum is an excellent material for investigation of 
mutation and chimeric structure because of the easily observed changes in flower color. In 
periclinal chimera mutants in flower colors of chrysanthemum, only the tissue genotype of the 
LI layer is genetically different from those of LII and LIII (Bowen 1965, Langton 1980). 
Since the roots are known to develop from the LIII tissue (qtd. in Broertjes et al. 1988), the 
tissue genotype of the LIII layer can be determined from the flower color of plants derived 
from the culture of roots. Therefore, whether a plant is a periclinal chimera or a solid mutant 
can be determined by comparing the flower color of donor mutant plants to that of plants 
derived from their roots. 
In the present study, I compared the effects of ion beams and gamma rays on mutation 
induction by irradiating the apical meristem of chrysanthemum. Moreover, the chimeric 
structures of the resulting mutants from each irradiation were investigated to elucidate the 
difference in the expansion effect of the mutated areas through the layers. 
 
4.2 Materials and Methods 
 
4.2.1 Plant material 
 
 The chrysanthemum (Chrysanthemum morifolium) cultivar “Taihei” was used as the 
experimental material. 
 
4.2.2 Irradiation and establishment of flower color mutants 
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 Leaves were removed from shoots grown in in vitro culture, and nodes were cut one by 
one. The nodes were placed on an agar medium in Petri dishes of 6-cm diameter, with the 
lateral buds facing towards the radiation source, and were irradiated with 1, 2, 4, 8, and 16 Gy 
of 220 MeV carbon ions (mean LET 107 keV/μm), 5, 10, 15, and 20 Gy of 100 MeV helium 
ions (mean LET 9 keV/μm) generated by an AVF-cyclotron (Japan Atomic Energy Agency, 
Takasaki, Japan), and 10, 20, 40, 80, and 200 Gy of gamma rays at a dose rate of 10 Gy per 
hour in the gamma-room (Institute of Radiation Breeding, National Institute of Agrobiological 
Sciences, Hitachi-omiya, Japan). Each irradiated bud was transferred to MS medium 
(Murashige and Skoog 1962) supplemented with 1% sucrose and 0.9% agar in culture tubes. 
The survival rate was examined using 40 buds per treatment 60 days after irradiation. 
 In the irradiation treatments with 220 MeV carbon ions at 2 Gy, 100 MeV helium ions at 
5 and 10 Gy, gamma rays at 80 Gy, flower color mutants were established using the following 
procedure (Fig. 4-1). The lower five nodes of shoots elongated from the irradiated buds were 
cut one by one (first cutting), and each node was placed on the medium mentioned above. 
New shoots were grown from the lateral bud of each of the five nodes. The lower five nodes 
of the new elongated shoots were then cut one by one (second cutting), and new shoots were 
allowed to grow from each of them. These shoots were habituated and then transplanted in a 
field by each strain derived from each irradiated bud. By this procedure, a maximum of 25 
plants were derived from each irradiated bud and their flower colors were investigated. 
 The strains were considered to be mutated, if at least one flower color mutant emerged in 
the progenies. The mutation frequencies were determined as the ratio of the number of 
mutated strains to the number of investigated ones. 
 The segregation ratio was determined as the ratio of the number of flower color mutants 
to the number of investigated plants in a strain which consisted of more than ten propagules. 
Sectorial and periclinal chimera plants were counted as mutants. The number of strains 
investigated in each treatment is shown in Table 4-1. 
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4.2.3 Establishment of plants regenerated from roots 
 
The plants that were derived from roots were established as follows: flower color mutant 
stems with lateral buds were sterilized, and grown under sterile conditions in 100-ml conical 
beakers. Their roots were placed on MS medium supplemented with 0.2 mg/l 
2,4-dichlorophenoxyacetic acid (2,4-D), 2 mg/l 6-benzylaminopurine (BA), 3% sucrose, and 
0.9% agar. After 3 weeks, they were placed on MS medium supplemented with 0.1 mg/l 2,4-D, 
2 mg/l BA, 3% sucrose, and 0.9% agar for regeneration. The regenerated plants were 
habituated and transplanted in a field. 
 
4.3 Results 
 
All of the irradiated buds survived when irradiated with 2 Gy of 220 MeV carbon ions; the 
survival rate decreased with the increasing dose (Fig. 4-2). However, even at a dose of 16 Gy, 
where complete lethality was expected, 15% of the buds survived. The irradiated buds 
survived at the dose of 5 and 10 Gy of 100 MeV helium ions, while none survived at 20 Gy. 
At the dose of 40 Gy of gamma rays, all buds survived. Eighty percent survival rate was 
observed at 80 Gy, and none survived at 200 Gy. 
 The effects of each radiation on mutation induction were compared using doses giving 
similar effects on survival; 2 Gy of 220 MeV carbon ions, 10 Gy of 100 MeV helium ions, 
and 80 Gy of gamma rays. Moreover, to elucidate the effects of irradiation dose on mutation 
induction, effects of irradiation at 5 Gy of 100 MeV helium ions were also investigated. 
Flower color mutants emerged at high frequencies, 12.8–28.8%, in these irradiation 
treatments (Table 4-1). In comparison to mutation frequency, there was a significant 
difference by the chi-square test for independence between the treatments with 10 Gy and 5 
Gy of 100 MeV helium ions. No significant difference was observed in other combinations. 
 Ten types of flower color mutants, pale pink, rather pale pink, deep pink, white, pinkish 
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white, yellow, pale yellow, orange, deep orange, and red, were obtained from the original pink 
flower color of the donor cultivar “Taihei” (Table 4-2). The spectrum did not appear to differ 
among radiation treatments.  
 In the distribution of the segregation ratio with 220 MeV carbon ions, a large number of 
strains demonstrated a segregation ratio of 0–19% and 100%, while none demonstrated 
40–59% (Fig. 4-3). On irradiation with 10 Gy of 100 MeV helium ions, a large number of 
strains demonstrated a segregation ratio of 0–19% and 100%, and a few strains demonstrated 
30–99%. When irradiated with 5 Gy of 100 MeV helium ions, a large number of strains 
demonstrated a segregation ratio of 0–29%, and a few strains demonstrated 30–100%. In 
gamma rays, the number of 100% is the largest remarkably, and there were no strains at 
40–59%. As a whole, the mode at 100% and at 0–29% was observed. 
 For the analysis of chimeric structure in induced mutants, the difference between the 
genotypes of LI and LIII tissues was investigated by comparing the flower color of mutants to 
that of plants derived from their roots. In five of the nine strains of flower color mutants 
induced with 220 MeV carbon ions, the flower color of the plant derived from the root of the 
mutant was the same as that of the mutant (Table 4-3). This was observed in one of the nine 
strains resulting from irradiation with 10 Gy of 100 MeV helium ions and in three of seven 
strains resulting from irradiation with 5 Gy of 100 MeV helium ions. In contrast, the flower 
color of the plant derived from the root was different from that of the mutant in all the ten 
strains induced by gamma rays; the flower color of eight strains showed the same pink color 
as the original cultivar “Taihei,” and of the remaining two strains showed different color from 
either that of the mutant or of “Taihei.” The ratio comparing the number of same colored 
strains to the number of investigated ones was significantly higher (Fisher’s test, P < 0.05) for 
220 MeV carbon ions and for 5 Gy of 100 MeV helium ions than that for gamma rays. 
 
4.4 Discussion 
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High frequencies of changes in flower color were observed in the present study. In some cases 
of periclinal chimera plants, such phenomena might result from the appearance of LII tissue 
on the surface, i.e., cell layer rearrangement (Broertjes et al. 1988). However, flowers of 
various colors appeared; therefore, the change in flower color is due to mutation. 
All flower color mutants induced with gamma rays were periclinal chimeras because the 
flower color of the mutants differed from that of the plants derived from the roots. In contrast, 
in some mutants obtained by ion beam irradiation, the flower color was the same as that of the 
plants derived from their roots, suggesting that they were solid mutants. Thus, the expansion 
of mutated sectors through all the layers of shoot apex was found only with ion beam 
irradiation. 
The effect of ion beams on mutation induction was similar to that of gamma rays when 
there were no large differences in the effects on survival between them. However, solid 
mutants appeared only with ion beams. Accordingly, the high biological effectiveness of ion 
beams could not account for solid mutant induction observed only in ion beams. Moreover, 
solid mutants were also obtained at 5 Gy of 100 MeV helium ions, at which the mutation 
frequency was lower than that at 10 Gy of 100 MeV helium ions. Therefore, the factor for 
obtaining solid mutants seemed to be different from that for inducing flower color mutation. 
It seemed that solid mutants were produced from sectorial chimeras formed from one 
mutated cell through the expansion of the mutated area. Consequently, it is supposed that 
there is difference between ion beams and gamma rays with regard to their effects for 
allowing only a few initial cells of apical meristems to survive. Ion beams induce DNA 
damage in a limited region in the nucleus (Yang and Tobias 1979), and a relatively small 
number of ion particles penetrate through cells (Tanaka 1999). Thus, it was supposed that 
there is a large difference in radiation damage caused by ion beams between cells constructing 
the apical meristem; some initial cells of which a fatal part was damaged died, and some cells 
with little or no damage survived. As a result, the possibility of survival of only a few cells 
was high. In contrast, gamma rays tend to produce lesions that are distributed uniformly in 
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cells (Yang and Tobias 1979). Thus, it was supposed that there is little difference in radiation 
damage between the cells, and the possibility of survival of only a few cells was low. 
Moreover, ion particles transfer quite high energy to materials immediately before the ion 
particles come to rest. It has been believed that this nature is also more effective for allowing 
a few cells to survive. Even with high dose irradiation by 220 MeV carbon ions, all buds were 
not completely killed. This result indicates that the 220 MeV carbon ions did not reach the 
apical meristem in several of the irradiated buds. This suggests that the penetration depth of 
220 MeV carbon ions (about 1 mm in water) is nearly equal to that of the apical meristem, 
and thus, high energy was transferred to the target cell. On the other hand, in case of 100 MeV 
helium ions, it has been believed that the target received lower transferred energy because the 
penetration depth of 100 MeV helium ions is 6.2-mm deep. This might be the reason why the 
effect of solid mutant production with 220 MeV carbon ions seems a bit higher than that with 
100 MeV helium ions. Therefore, there is a possibility of obtaining solid mutant efficiently by 
controlling the penetration depth. 
There are no large differences in the distribution of segregation ratios between ion beams 
and gamma rays because they showed the same tendency in the observation of the highest 
modes at segregation ratios of 0–29% and 100%, and the lowest frequency at 50%. The 
segregation ratio generally reflects the number of initial cells, e.g. a segregation ratio of 50% 
was expected when mutation occurred at one of the two initial cells, and it becomes high with 
a decrease in initial cells due to death by irradiation. However, this cannot account for the 
above-mentioned distribution because of the low frequency at 50% of the segregation ratio 
compared to the frequency at 0–29% and 100%.  
It seems that 0–29% segregation ratio was due to the following reason: in many species, 
it is known that lateral buds were already present as secondary lateral buds in the axils of the 
scales of the lateral bud. I examined the lower five secondary lateral buds on the primary 
shoot originating from an irradiated lateral bud. When the mutation occurred in one of the five 
buds, a segregation ratio of 20% was expected. Therefore, a segregation ratio of 0–30% was 
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probably due to mutation occurring in the secondary lateral buds. On the other hand, for a 
segregation ratio of 100%, it is necessary to form the entire tissues of the LI layer in five 
secondary lateral buds from a single mutated cell. Consequently, in the irradiated buds, in 
which the progenies showed 100% segregation ratio, the secondary lateral buds might not 
have been differentiated yet and, in addition, the number of initial cells of the LI layer in the 
lateral buds might be one or few. 
 Yamakawa et al. (1968) investigated the width of the mutated sector in irradiated shoots 
using segregation ratios in Antirrhinum and Lycopersicon. On the other hand, in the present 
study on chrysanthemum, the segregation ratio of the flower color mutants seems to be not a 
suitable indicator for estimating the width of mutated sector since it was influenced by the 
degree of the differentiation of the secondary lateral buds. In addition, Bowen (1965) reported 
that sports from the lateral buds on upper part of gamma-ray irradiated cuttings were usually 
sectorial chimeras, while most of sports from the lateral buds on basal part of irradiated 
cuttings were whole mutants (that is 100% segregation ratio). Accordingly, it is concluded that 
the width of the mutated sectors cannot be estimated from the segregation ratio in 
chrysanthemum. Presumably, the 0–29% segregation was due to the status of lateral buds, 
such as the degree of the differentiation of the secondary lateral buds, and not due to the dose 
or type of radiation. 
Gamma rays seemed suitable to produce periclinal chimeras. It has been reported that 
periclinal chimeras in chrysanthemum are useful for producing various phenotypes, such that 
the phenotypes based on various arrangements of genotypically different groups of cell layers 
would be expected (Broertjes et al. 1988). My result showed that both solid and periclinal 
chimera mutants could be produced by irradiation of lateral buds of chrysanthemum using ion 
beams and gamma rays properly. 
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Table 4-1. Effect of ion beam and gamma ray irradiation to lateral buds of chrysanthemum on 
flower color mutation. 
Mutation frequency 
(%)
220 MeV carbon ion beam 2 17.4 (37/213)
100 MeV helium ion beam 10 28.8 (32/111)
100 MeV helium ion beam 5 12.8 (16/125)
Gamma rays 80 22.5 (34/151)
Radiation
Dose
(Gy)
 
Number of mutated strains in flower color (A) and number of investigated strains (B) are 
shown in parenthesis as (A/B). The strains from which at least one mutated plant emerged in 
the progenies were counted as a mutated strain. 
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Table 4-2. Type and number of flower color mutants induced by ion beam and gamma ray 
irradiation to lateral buds of chrysanthemum. 
220 MeV carbon ion beam 2 213 11 2 4 3 2 - 5 5 4 1
100 MeV helium ion beam 10 111 7 - 1 - 6 - 8 7 3 -
100 MeV helium ion beam 5 125 5 3 - 1 1 - - 4 2 -
Gamma rays 80 151 11 2 - - 5 1 7 6 2 -
RedYellow Paleyellow Orange
Deep
orange
No. of flower color mutants
Radiation
No. of
investigated
plant
Dose
(Gy) Palepink
Rather
pale pink
Deep
pink White
Pinkish
white
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Table 4-3. Comparison of flower color of plants derived from roots of mutants with that of 
mutants induced with ion beam and gamma ray irradiation to lateral buds of chrysanthemum. 
Mutants Plants derived from roots
220 MeV carbon ion beam 2 #511 Pale pink Pale pink Solid Mutant
#513 Deep pink Deep pink Solid Mutant
#524 Pale yellow Pale yellow Solid Mutant
#531 Deep orange Deep orange Solid Mutant
#532 Deep orange Deep orange Solid Mutant
#515 Pale pink Pink (1) Periclinal chimera
#520 Wine red Pink Periclinal chimera
#521 Pale pink Pink Periclinal chimera
#601 Pale yellow Pink Periclinal chimera
100 MeV helium ion beam 10 #546 Pale yellow Pale yellow Solid Mutant
#574 Deep orange Orange Periclinal chimera
#545 Orange Pink Periclinal chimera
#564 Deep orange Pink Periclinal chimera
#565 Pinkish white Pink Periclinal chimera
#566 Pinkish white Pink Periclinal chimera
#568 Orange Pink Periclinal chimera
#571 Deep orange Pink Periclinal chimera
#572 Pinkish white Pink Periclinal chimera
100 MeV helium ion beam 5 #503 White White Solid Mutant
#506 Orange Orange Solid Mutant
#537 Deep orange Deep orange Solid Mutant
#502 Rather pale pink Pink Periclinal chimera
#507 Orange Pink Periclinal chimera
#510 Orange Pink Periclinal chimera
#519 Pale pink Pink Periclinal chimera
Gamma rays 80 #549 Orange Deep pink Periclinal chimera
#550 Orange Deep orange Periclinal chimera
#557 Rather pale pink Pink Periclinal chimera
#558 Pale yellow Pink Periclinal chimera
#581 Pinkish white Pink Periclinal chimera
#584 Pale pink Pink Periclinal chimera
#585 Orange Pink Periclinal chimera
#587 Pale pink Pink Periclinal chimera
#591 Pale yellow Pink Periclinal chimera
#598 Yellow Pink Periclinal chimera
Radiation Suggestedchimera structure
Flower color   Dose
(Gy)
(1) The same flower color as original cultivar “Taihei.” 
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Irradiation
Second cutting
Non-mutated strain
Non-mutated strain
Non-mutated strain
First cutting
Mutated strain
Segregation ratio 
= no. of mutants 
/no. of investigated plants
Mutants
Non-mutated strain
Mutation frequency 
=  no. of mutated strains
/no. of investigated strains
 
 
Fig. 4-1. Scheme for establishment of flower color mutants and calculation methods of 
mutation frequency and segregation ratio. 
 
In the case presented in this figure, mutation frequency and segregation ratio is 20% and 40%, 
respectively. 
70 
 
 
 
 
 
 
 
 
Fig. 4-2. Effect of ion beam and gamma ray irradiation on survival of lateral buds of 
chrysanthemum. 
 
Survival rate was examined using 40 buds per treatment. 
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Fig. 4-3. Distribution of segregation ratio of flower color mutant with ion beam and gamma 
ray irradiation to lateral buds of chrysanthemum. 
 
The segregation ratio was determined as the ratio of the number of flower color mutants to the 
number of investigated plants using the strain in which the flower color of more than ten 
plants was investigated. 
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Chapter 5 
 
Effects of dose and dose rate of gamma ray irradiation on mutation 
induction and nuclear DNA content in chrysanthemum. 
 
5.1 Introduction 
 
Chrysanthemum is one of the most widely cultivated ornamental plants. Mutation is an 
important tool for breeding new cultivars, and many cultivars have been produced using 
spontaneous (sports) and induced mutations. Gamma rays and X-rays are widely used for 
mutation induction in chrysanthemum. However, in addition to mutations, radiation treatment 
induces radiation damage, such as chromosomal aberrations, in plants. Reduction in 
chromosome number is one such chromosomal aberration reported in chrysanthemum 
irradiated with gamma rays (Dowrick and El-Bayoumi 1966, Ichikawa et al. 1970) or X-rays 
(Dowrick and El-Bayoumi 1966). Furthermore, reduction in chromosome number is 
correlated with reduced diameter of inflorescence in chrysanthemum (Ichikawa et al. 1970). 
Therefore, reduction of chromosome number is an undesirable effect of radiation treatments 
aimed at obtaining mutants with improved desirable traits. Consequently, the radiation method 
with less radiation damage for chrysanthemum is desired. 
Dose rate is one important factor of radiation treatment, and its effect has been 
investigated by evaluating various traits, including lethality (Broertijes 1968, Killion and 
Constantin 1971, Sripichtt et al. 1988), growth (Bottino et al. 1975, Killion and Constantin 
1971, Killion et al. 1971, Yamashita 1964), and fertility (Killion and Constantin 1971, 
Yamashita 1964). Therefore, it is believed that the dose rate also influences radiation damage 
in chrysanthemum. 
Dose rate also affects somatic mutation. It was reported that on irradiating at the same 
dose, higher dose rates were more effective in inducing mutations than lower dose rates in 
73 
oats (Nishiyama et al. 1966) and in maize (Mabuchi and Matsumura 1964). Moreover, in 
saintpaulia (Broertijes 1968) and Tradescantia (Nauman et al. 1975), it was observed that the 
dose rate effect occurred at higher doses, while little dose rate effect was observed at lower 
doses. In chrysanthemum, Nagatomi et al. (2000) reported that flower color mutants were 
efficiently obtained with chronic gamma ray irradiation. However, no data is available 
regarding the effect of total irradiation dose and dose rate on mutation induction in 
chrysanthemum. 
Information on the effects of dose rate on radiation damage and mutation induction and on 
the interaction between dose and dose rate is useful for radiation breeding in chrysanthemum. 
In this study, I investigated the effects of dose and dose rate on flower color mutation and 
nuclear DNA content as indices of radiation damage in chrysanthemum, using a combined 
method of gamma ray irradiation and tissue culture. 
 
5.2 Materials and Methods 
 
5.2.1 Irradiation treatment and tissue culture 
Chrysanthemum plants (Chrysanthemum morifolium cv. “Taihei”) maintained on MS 
medium (Murashige and Skoog 1962) supplemented with 1% sucrose and 0.9% agar in 
100-ml conical beakers were propagated vegetatively by herbaceous cutting. Plants with 7–10 
leaves in the 100-ml conical beakers were irradiated with total doses of 15, 30 and 60 Gy of 
gamma rays at dose rates of 0.5, 1, 2 and 5 Gy/h in the gamma-room (Institute of Radiation 
Breeding, National Institute of Agrobiological Sciences, Hitachi-omiya, Japan). Leaf explants 
(10 × 5 mm) were cut from the irradiated plants and cultured on MS medium supplemented 
with 1 mg/l 6-benzylaminopurine (BA), 0.2 mg/l 1-naphthaleneacetic acid (NAA), 2% 
sucrose, and 0.9% agar in 100-ml conical glass beakers for callus induction. After 3 weeks, 
the explants were cultured on MS medium supplemented with 1 mg/l BA, 0.1 mg/l NAA, 2% 
sucrose, and 0.9% agar in 100-ml conical beakers for shoot regeneration. 
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The regeneration rate was investigated using 150–300 leaf explants from 3–7 irradiated 
plants per radiation treatment. The experiments were replicated four times for each radiation 
treatment. The regeneration rates were determined as the ratio of the number of leaf explants 
developing a minimum of one regenerated shoot to the number of investigated explants. 
Investigation of regeneration was carried out 6 weeks after transferring the explants to the 
regeneration medium. 
 
5.2.2 Flower color mutation 
To eliminate duplication of mutated shoots originating from a single mutated cell, only 
one shoot was taken from each leaf explant (callus). They were cultured on MS medium 
supplemented with 1% sucrose and 0.9% agar. The rooted shoots were habituated and 
transplanted to a field. Flower color mutation was investigated using 100–363 plants per 
radiation treatment. The mutation frequencies were determined as the ratio of the number of 
flower color mutants to the number of investigated plants. Chi-square analysis for 
independence was performed to determine significant difference in the mutation frequencies. 
 
5.2.3 Flow cytometric analysis 
Nuclear DNA content was measured by flow cytometric analysis. For each sample, about 
0.5 cm2 of leaf segment was chopped with a razor blade in 1 ml of a staining solution 
containing 10 mM Tris, 50 mM sodium citrate, 2 mM MgCl2, 0.1% (v/v) Triton X-100, and 2 
mg/l 4, 6-diamidino-2-phenylindole at pH 7.5. After filtration through a 30-μm nylon mesh, 
the filtrate was incubated on ice for 5 min, and analysed using flow cytometer (Partec PA, 
Partec, Münster, Germany). Leaves of the garden pea (Pisum sativum cv. Narikoma 
Sanjunichi) were used as an internal reference standard, and the nuclear DNA content of the 
sample was determined by comparing the peak position of nuclei of the garden pea with that 
of the sample. Each plant was measured twice using two leaves from each plant on two 
different days. A plant maintained by vegetative propagation but not irradiated was used as 
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control, and was measured after approximately every 10 samples and at the beginning and end 
of the measurement on each day. Relative DNA content was expressed as the ratio of the 
nuclear DNA content of an investigated plant divided by that of the control plant maintained 
by vegetative propagation; the data for both control and experimental plants were collected on 
the same day. Fifty regenerated plants at each total dose and dose rate were used for 
measurement. Hartley’s test and Mann-Whitney test were performed for comparison of the 
variance and the average of relative DNA content among each radiation treatment, 
respectively. 
 
5.3 Results and Discussion 
 
Callus formation occurred in all leaf explants derived from irradiated plants at every radiation 
as well as non-irrradiated plant. However, regeneration from callus decreased with increasing 
dose rate at the 3 radiation intensities tested (15, 30, and 60 Gy) (Fig. 5-1). The influence of 
dose rate on the regeneration rate differed with the dose, that is, the differences in the 
regeneration rate between dose rates were small at 15 and 60 Gy, whereas regeneration rate 
varied markedly with dose rate at 30 Gy. These results indicate that the regeneration rate can 
be controlled by altering both dose and dose rate. 
The frequencies of flower color mutation increased significantly (chi-square test for 
independence, P < 0.05) when the total dose increased from 15 Gy to 30 Gy in each dose rate, 
though similar differences were not observed when the dose increased from 30 to 60 Gy 
(Table 5-1). On the other hand, the mutation frequencies did not differ significantly among 
dose rates in each total dose; the mutation frequencies at all dose rates were similar when the 
total dose was 15 Gy. At the total dose of 30 Gy, mutation frequencies did not differ 
significantly among the dose rates according to chi-square tests for independence, although 
the mutation frequencies at 0.5 and 2 Gy/h were somewhat lower than that at 1 Gy/h. 
Similarly, at the total dose of 60 Gy, mutation frequencies did not differ significantly among 
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the dose rates, although mutation frequencies at 0.5 and 2 Gy/h were somewhat higher than 
that at 1 Gy/h. These results show that mutation frequency was independent of dose rate and 
was mainly dependent on the total radiation dose. The frequency of spontaneous mutation was 
0.6%, as estimated by examining 937 plants that regenerated from non-irradiated leaf 
explants. 
More than 8 types of flower color mutants were obtained from the pink flower color of the 
donor cultivar “Taihei” and the number of each type obtained with each treatment is shown in 
Table 5-2. The spectrum did not appear to differ among radiation treatments, but I was unable 
to perform statistical analysis to verify this hypothesis because the number of each type of 
flower color mutant was small. 
The nuclear DNA content was affected by gamma ray irradiation (Fig. 5-2). The relative 
DNA content in plants regenerated from non-irradiated leaf ranged from 0.97 to 1.03, while in 
the plants regenerated from the irradiated leaf, there were plants which had less than 97% of 
the nuclear DNA content as compared to the control plant. The greatest decline was 10% in 
some of the plants that received 60 Gy at the dose rate of 2 Gy/h. Variance in the nuclear 
DNA content increased significantly (Hartley’s test, P < 0.05) among the doses at dose rates 
of 0.5 and 2 Gy/h. 
Comparison of the averages of relative DNA content revealed significant decreases in the 
nuclear DNA content (Mann-Whitney test, P < 0.01) in every radiation treatment. For 
treatments at the dose rates of 1 or 2 Gy/h, the nuclear DNA content decreased significantly 
(Mann-Whitney test, P < 0.05) as the dose increased from 15 Gy to 30 Gy; similar trend was 
observed as the dose increased from 30 Gy to 60 Gy. In contrast, at the dose rate of 0.5 Gy/h, 
the nuclear DNA content was significantly less (Mann-Whitney test, P < 0.05) when 
irradiated with 30 Gy than that with 15 Gy, but was approximately equal to that with 60 Gy. 
In addition, at a total dose of 60 Gy, the nuclear DNA content was significantly higher 
(Mann-Whitney test, P < 0.05) when the dose rate was 0.5 Gy/h than that when it was 1 Gy/h; 
these differences were not observed when the total dose was 15 and 30 Gy. These results 
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indicated that the reduction in nuclear DNA content was small at low dose rates, even when 
the total doses were high. 
The relationship between reduction in relative nuclear DNA content and mutation 
frequency is shown in Fig. 5-3. During irradiation at the dose rate of 2 Gy/h, there was a 
significant correlation between the reduction in nuclear DNA content and mutation frequency. 
Similar relationship was observed at the dose rate of 0.5 Gy/h. The same mutation frequencies 
were obtained at 0.5 Gy/h without a large reduction in nuclear DNA content compared to that 
at 2 Gy/h. Although the correlation of the dose rate of 1 Gy/h with reduction in nuclear DNA 
content and mutation frequency is not clear, its effect seems to be intermediate between that 
of 0.5 Gy/h and 2 Gy/h. These results suggest that gamma ray irradiation with low dose rate 
induces mutation with small reduction in nuclear DNA content in chrysanthemum. 
It has been found that there is a significant correlation of diameter of an inflorescence and 
the length and width of a leaf to the nuclear DNA content, as well as chromosome number, in 
chrysanthemum cv. “Taihei” used in this study (Fig. 2-3). Similarly, a significant correlation 
has been reported between the nuclear DNA content and the length and diameter of stem in 
sugar cane (Degi et al. 2001). Thus, the decrease in the nuclear DNA content by gamma ray 
irradiation is undesirable to obtain useful mutants for commercial varieties unless obtaining 
smaller flowers is the objective. 
It was reported that the dose rate affected mutation frequency in saintpaulia (Broertijes 
1968) and oats (Nishiyama et al. 1966). However, these results are not in agreement with 
those obtained in my study. The effect of dose rate on mutation frequency might differ among 
species. Therefore, it seems that the effects of specific doses and dose rates need to be 
evaluated for each type of plant material. 
My results show that gamma ray irradiation at lower dose rates leads to less radiation 
damage in plants during mutant induction. This indicated that the irradiation at lower dose 
rate is useful especially for radiation breeding of vegetatively propagated crops because the 
obtained mutants would be directly used as new cultivars. It has been hypothesized that 
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chronic radiation with a gamma field is useful for mutation breeding of vegetatively 
propagated crops and some mutant varieties have been produced. In chronic radiation with a 
gamma field, dose rates are lower, and the exposure period is generally longer; therefore, the 
total dose is higher than that obtained in the present study. However, I consider that the results 
of the present study are applicable to chronic radiation in a gamma field and support the 
usefulness of chronic radiation. 
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Table 5-1. Effects of total dose and dose rate of gamma ray irradiation on mutation induction. 
Total dose Dose rate
(Gy) (Gy/h)
0.5 4.6 (15/325)
15 1 5.0 (18/363)
2 4.3 (  9/210)
0.5 8.9 (22/248)
30 1 12.1 (29/240)
2 9.6 (26/272)
0.5 12.2 (40/326)
60 1 8.4 (22/262)
2 12.0 (12/100)
Frequency of flower
color mutation
(%)
 
Number of flower color mutants/number of plants evaluated are shown in parentheses. The 
frequency of spontaneous mutation was 0.6%, as estimated using 937 plants that regenerated 
from non-irradiated leaf explants. 
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Table 5-2. Number of flower color mutants resulting from treatment with different total dose 
and dose rate of gamma rays 
Pale
pink
Rather
pale
pink
Deep
pink White
Pinkish
white
Pale
yellow Orange
Deep
orange Other
0.5 325 9 0 0 0 0 4 2 0 0
1 363 7 0 2 0 0 5 2 0 2
2 210 4 0 0 0 0 3 1 0 1
0.5 248 13 0 0 2 1 4 2 0 0
1 240 24 0 0 1 2 1 1 0 0
2 272 10 2 2 1 1 0 10 0 0
0.5 326 23 0 1 0 1 4 10 0 1
1 262 11 0 1 0 0 5 3 2 0
2 100 6 0 0 0 1 2 3 0 0
No. of flower color mutants
15
30
60
Total dose
(Gy)
Dose rate
(Gy/h)
No. of plant
investigated
 
The flower color of original cultivar “Taihei” is pink. 
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Fig. 5-1. Effects of total dose and dose rate of gamma ray irradiation on regeneration of 
explants. 
 
The regeneration rate from non-irradiated leaf explants was 100%, as estimated from 100 
explants. ■: 5 Gy/h; ●: 2 Gy/h; ▲: 1 Gy/h; ▼: 0.5 Gy/h. 
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Fig. 5-2. Effects of total dose and dose rate of gamma ray irradiation on nuclear DNA content. 
 
Relative DNA content is expressed as the ratio of the nuclear DNA content of investigated 
plants divided by that of control plants maintained by vegetative propagation. Nuclear DNA 
content was measured in 50 regenerated plants per treatment.  
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Fig. 5-3. Relationship between reduction of nuclear DNA content and mutation induction.  
 
Relative DNA content is expressed as the ratio of the nuclear DNA content of investigated 
plants divided by that of control plants maintained by vegetative propagation. Nuclear DNA 
content was measured in 50 regenerated plants per treatment. ●: 2 Gy/h; ▲: 1 Gy/h; ▼: 0.5 
Gy/h. 
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General discussion 
 
1. Characteristics of ion beams as a mutagen for mutation breeding 
i) Efficiency 
In the current study, sterility in rice by ion beam irradiation was considered to be caused 
by chromosomal aberrations, as previously reported by Ekberg (1969) for barley irradiated 
with neutrons and X-rays. In chrysanthemums, a reduction in chromosome number by ion 
beam irradiation, which is also a severe chromosomal aberration, was reported by gamma ray 
or X-ray irradiations (Dowrick and El-Bayoumi 1966, Ichikawa et al. 1970). Therefore, the 
mutation frequency based on such chromosomal aberrations, i.e., efficiency, was compared 
for ion beams and gamma rays.  
In rice, the mutation frequency based on fertility induced by ion beams was equal to or 
exceeded that induced by gamma rays, although there were differences depending on the type 
of ion beams used.  
In chrysanthemum, the mutation frequency with a 220 MeV carbon ion beam was higher 
compared to other ion beams and gamma rays, while there was little reduction in the nuclear 
DNA content as the irradiation dose increased. In contrast, when an irradiation dose of 100 
MeV helium ion beam was increased, the nuclear DNA content reduced, although the 
mutation frequency did not increase compared to the other treatments. 
In conclusion, the efficiencies of ion beams appear to be higher than those of gamma rays, 
although certain types of ion beams (e.g., 100 MeV helium ions) had lower efficiencies than 
gamma rays. 
 
ii) Mutated sector size 
In rice, the segregation frequencies of chlorophyll mutations in the M2 generations 
produced by ion beams were higher than those produced by gamma rays. In addition, 
expansion of the mutated sectors through different layers (LI, LII, and LIII) was found only 
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with ion beam irradiation treatment of the lateral buds of chrysanthemum. These results 
suggest that wider mutated sectors were produced by ion beams compared with gamma rays. 
Because the mutated sectors produced by ion beams were wider than those produced by 
gamma rays in rice, it was thought that the number of initial cells was lesser in seeds after 
irradiation with ion beams than with gamma rays. In chrysanthemum, it appeared that 
sectorial chimeras were formed from one or few initial cells that survived after irradiation 
with ion beams and that solid mutants were produced from sectorial chimeras by their release 
from chimeric status with cutting back twice. Thus, it appears that there is a difference 
between ion beams and gamma rays with regard to their effects in allowing only a few initial 
cells in the apical meristems to survive.  
Ion beams induce DNA damage in a limited region in the nucleus (Yang and Tobias 1979), 
and a relatively small number of ion beams penetrate through cells (Tanaka 1999). It was 
assumed that some initial cells died even with a low irradiation dose of ion beams and dead 
cells with serious damage would be mixed with live cells with little or no damage in the 
apical meristems irradiated with ion beams. Thus, there is a large difference in radiation 
damage caused by ion beams between cells that comprise the apical meristem.  
In contrast, gamma rays tend to produce lesions that are distributed uniformly throughout 
the cells (Yang and Tobias 1979). There was little difference in radiation damage between the 
cells, and the possibility of survival of only a few cells was low. Thus, it can be considered 
that this difference in the damage to the initial cells by treatments with ion beams and gamma 
rays results in the difference in number of surviving initial cells; therefore, the mutated sectors 
produced by ion beams were wider than those produced by gamma rays. 
 
iii) Mutation spectra  
New mutagens are expected to have spectra that are different than that of currently used 
mutagens. On comparison of the spectra of chlorophyll mutations in rice, no significant 
differences were found between ion beams and gamma rays, because the relative frequency of 
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each type of chlorophyll mutation induced by ion beams was similar to that induced by 
gamma rays. In chrysanthemum as well, the spectra did not appear to differ between ion 
beams and gamma rays, because ion-beam- and gamma-ray-specific mutants were not 
observed, and there were no differences in the relative frequencies of each flower color 
mutation.  
However, Okamura et al. (2003) reported that ion-beam-specific flower color mutants 
were obtained in carnations, which were not obtained using gamma rays. Moreover, Nagatomi 
et al. (1998) obtained ion-beam-specific flower color mutants using the same chrysanthemum 
variety “Taihei,” as used in my present study. 
Nagatomi et al. (2000) reported that the frequency of flower color mutations differed 
depending on the irradiated plant materials; flower color mutants were obtained at a higher 
frequency when cultured petals were used for irradiation as compared to when cultured leaves 
were used. This suggests that mutagenesis of genes related to flower color differs between the 
petal and the leaf. Nagatomi et al. (1998) used petals, while I used leaves in the current study, 
which may be the reason why ion-beam-specific flower color mutants were not obtained in 
my study. 
I found no differences in the mutation spectra between ion beams and gamma rays in rice. 
In contrast, differences in mutation spectra have been reported in carnations (Okamura et al. 
2003) and chrysanthemums (Nagatomi et al. 1998). Naito et al. (2005) showed that both high-
LET carbon ions and low-LET gamma rays generated large deletions, regardless of the 
irradiation dose, and hypothesized that most of the deletions were not transmitted to the 
progeny. In vegetatively propagated crops, such as chrysanthemums and carnations, both 
transmissible and non-transmissible mutations can be detected.  In chlorophyll mutations of 
rice, mutations caused only by those deletions that were transmitted were observed in the M2 
generation. This may be a reason why there were no differences in the spectra when ion 
beams and gamma rays were used for rice.  
Further investigations are required to identify any differences in the mutation spectra 
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obtained with ion beams and gamma rays and these differences may be clarified in 
comparative studies of mutation breeding aiming at various target traits in many crops. 
In my study on rice, the frequency of albina was highest among chlorophyll mutants, 
followed by viridis for both ion beams and gamma rays. This trend was previously observed 
in rice treated with gamma rays (Ando 1968, Yamaguchi 1962), X-rays (Matsuo et al. 1958), 
and thermal neutrons (Matsuo et al. 1958, Yamaguchi 1962). In similar studies with barley, 
the same results were obtained using gamma rays (Doll and Sandfaer 1969), X-rays 
(Gustafsson 1969), and neutrons (Gustafsson 1969). However, the mutation spectra induced in 
barley by ethylene oxide (Gustafsson 1969) and ethyl methanesulfonate (Doll and Sandfaer 
1969) differed from the spectrum induced by radiation; the frequency of viridis was higher 
than that of albina. The results of my study suggest that the relative frequency of each 
chlorophyll mutation induced by radiation did not vary among the types of radiation and that 
this may differ from the frequencies produced by chemical mutagens. 
 
2. Optimum radiation methods for mutation breeding 
For the practical use of ion beams, it is necessary to indicate the criteria used for the 
irradiation dose. In addition, there are no empirical reports on the optimum irradiation dose of 
gamma rays, although gamma rays have been commonly used for mutation breeding for a 
long time. Therefore, using rice, I examined suitable irradiation doses from the perspective of 
obtaining the maximum number of mutant lines from seeds sown after irradiation with ion 
beams and gamma rays. This showed that the number of mutated lines per irradiated seed was 
highest at the shoulder dose on the survival curves, which corresponded to approximately 
90% survival. 
It is considered that sterility in rice induced by ion beams and gamma rays was mainly 
caused by chromosomal aberrations, and some of the translocations and inversions were 
transmittable to the next generation. The shoulder dose corresponding to approximately 90% 
survival is lower in comparison to the 50% lethal dose, which is considered as a criterion for a 
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promising treatment with gamma rays. In this study, fertility decreased linearly with 
increasing irradiation dose. Therefore, changes in the genetic background by irradiation at the 
shoulder dose appeared to be lower than those by the 50% lethal dose. Consequently, the 
shoulder dose is considered to be a more suitable criterion for the assessment of irradiation 
treatment for efficiently obtaining useful mutants without considerably changing their genetic 
background. 
In chrysanthemums and roses, mutants have been obtained even at low doses of ion beam 
irradiation that did not affect shoot regeneration in chrysanthemums and survival in roses. 
Irradiation with a lower dose makes it possible to produce useful mutants in which the genetic 
background is not considerably changed. Consequently, these results would be helpful to 
efficiently obtain useful mutants, although I have not investigated the criteria for irradiation 
dose. 
With gamma rays, it is possible to select both the irradiation dose rate and the total dose. 
In chrysanthemums, the frequency of flower color mutations was independent of the dose rate 
and was primarily dependent on the total radiation dose. In contrast, the nuclear DNA content 
was influenced by both the dose rate and the total dose. These differences indicated that 
gamma ray irradiations with high total doses at low dose rates efficiently induce mutations 
with less radiation damage in chrysanthemums. In contrast, it was reported that the dose rate 
affected the mutation frequency in saintpaulia (Broertijes 1968) and oats (Nishiyama et al. 
1966). Thus, the effects of the dose rate on mutation frequency may differ among species. 
Therefore, it appears that the effects of specific doses and dose rates need to be evaluated for 
each type of plant material. 
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Summary 
 
Mutation breeding is a useful method for crop improvement. The type of mutagenic treatment 
and the treatment methods used are important factors in obtaining successful results from 
mutation breeding. 
Ion beams are expected as a new mutagen which induces mutations with high frequency 
and produces novel mutants, because ion beams have high linear energy transfer (LET) and 
thus have greater biological effects compared with low LET radiations such as gamma rays 
and X-rays. Therefore, the characteristics of ion beam in terms of the mutagen for mutation 
breeding were investigated.  
For practical use of ion beams, the information about effective and efficient doses is 
necessary. On the other hand, there are no experiment-based reports on the optimum 
irradiation dose of gamma rays, although gamma rays have been commonly used. In addition, 
there are little data regarding the usefulness of the gamma ray irradiation with low dose rate to 
radiation damage. Therefore, optimum radiation methods of ion beams and gamma rays for 
mutation breeding were investigated. 
 
1. Characteristics of ion beams as mutagen for mutation breeding 
i) Efficiency 
The efficiency, which is defined as the ratio of specific, desirable mutagenic changes to 
plant damage by mutagen treatment, were compared between ion beams and gamma rays 
using rice (Oryza sativa) and chrysanthemum (Chrysanthemum morifolium). 
Rice seeds were irradiated with 220 MeV carbon ions (mean LET 107 keV/µm), 320 
MeV carbon ions (mean LET 76 keV/µm), 100 MeV helium ions (mean LET 9 keV/µm) and 
gamma rays. Fertility was examined in the M1 generation, and the frequency of the 
chlorophyll mutations was examined in the M2 generation. From the relationship between the 
mutation frequency per M2 plant and fertility, it was indicated that the mutation frequency 
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based on fertility induced by ion beams equaled to or exceeded that induced by gamma rays.  
In an irradiation experiment of leaf explants of chrysanthemum carried out using the 
same ion beams, the effects of irradiation treatments were investigated using mutation 
frequency in flower color and nuclear DNA content as indices of radiation damage. Mutation 
frequency with the 220 MeV carbon ion beam was not low compared to the other ion beams 
and gamma rays, while there was little reduction in the nuclear DNA content as the irradiation 
dose increased. In contrast, when the irradiation dose of the 100 MeV helium ion beam 
increased, the nuclear DNA content reduced, although the mutation frequency did not increase 
compared to the other treatments. Thus, the efficiency, which was determined as the 
relationship between the frequency of flower color mutation and the reduction in nuclear 
DNA content, differed according to the type of ion beam used, and the efficiency with 100 
MeV helium ions was lower than that with gamma rays. 
In conclusion, the efficiencies of ion beams appear to be higher than those of gamma 
rays; however, some types of ion beams (e.g., 100 MeV helium ions) produced lower 
efficiencies than those produced by gamma rays. 
 
ii) Mutated sector size 
A wide mutated sector is desirable to establish mutants efficiently. Therefore, the width of 
mutated sector with ion beams was compared to that with gamma rays using rice and 
chrysanthemum. 
The results of segregation frequency of chlorophyll mutants in the M2 generation of rice 
showed that wider mutated sectors were produced by ion beams compared with gamma rays.  
In chrysanthemum, flower color mutants were produced by irradiation of ions beams and 
gamma rays to lateral buds and by subsequent release of mutants from chimeric status with 
cutting back twice. Some of mutants obtained with ion beams were suggested to be solid 
mutants, where both LI and LIII layers were derived from the same mutated cell, from the 
analysis of the chimeric structure by comparing the flower color of the mutants to that of 
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plants regenerated from the roots of mutants. No such solid mutants were obtained by gamma 
rays. Thus, the expansion of mutated sectors through all the layers of shoot apex was found 
only with ion beam irradiation. 
In conclusion, it was thought that wider mutated sectors were produced by ion beams 
compared with gamma rays. 
 
iii) Mutation spectra 
New mutagens are expected to have a different spectrum from the mutagens presently 
used. In the comparison of the relative frequency of each type of chlorophyll mutations 
(albina, xantha, viridis and others) in rice, significant differences between ion beams and 
gamma rays were not revealed. In chrysanthemum as well, the spectrum did not seem to differ 
between ion beams and gamma rays because neither ion-beam- nor gamma-ray-specific 
mutant was observed, and there was no difference in the relative frequencies of each flower 
color mutation. From these results, it was thought that there was no difference in mutation 
spectrum between ion beams and gamma rays. 
 
2. Optimum radiation methods for mutation breeding 
I examined suitable irradiation doses from the perspective of obtaining the maximum 
number of mutant lines from the seeds sown after irradiation in both ion beams and gamma 
rays using rice. As a result, the number of mutated lines per irradiated seed was highest at the 
shoulder dose in the survival curves. Irradiation at the shoulder dose did not affect survival 
markedly, giving approximately 90% survival. This result demonstrated that irradiation with 
such low dose was enough to efficiently produce mutants. Also in chrysanthemum and rose, it 
was showed that mutants were obtained even at low doses of ion beam irradiation that did not 
affect shoot regeneration or survival, respectively. 
To clarify the usefulness of the gamma ray irradiation with low dose rate for reduction of 
radiation damage, I investigated the effect of total irradiation dose and dose rate on flower 
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color mutation and nuclear DNA content as indices of radiation damage in chrysanthemum. 
Chrysanthemum plants were gamma-irradiated with various total doses at a rate of 0.5, 1, or 2 
Gy/h. The frequency of flower color mutation and the nuclear DNA content were investigated 
in regenerated plants. The dose rate of gamma rays influenced the nuclear DNA content but 
did not affect mutation frequency, and the same mutation frequencies were obtained without 
large reductions in nuclear DNA content by 0.5 Gy/h compared with 2 Gy/h. In conclusion, 
gamma ray irradiations with high total doses at low dose rates efficiently induce mutations 
with less radiation damage in chrysanthemum. 
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摘 要 
 
イオンビーム照射およびガンマ線照射による突然変異育種に関する研究 
 
 突然変異育種は、作物の品種改良に有効な方法のひとつである。突然変異育種では、変異原の
選択とその処理方法は重要な要素であり、変異率が高く、一方で変異原処理に付随する障害が少
ないことが望まれる。 
 イオンビームは、ガンマ線やＸ線と比較して、高い線エネルギー付与（LET）を持ち、高い生
物学的効果を示す。このことから、近年、新しい変異原として高い変異率や、従来用いられてき
た変異原では得られなかった新規の変異体獲得が期待されている。そこで、突然変異育種のため
の変異原としての観点から、従来用いられてきたガンマ線と比較しながら、イオンビームの特徴
を明らかにした。 
 イオンビームの突然変異育種への利用においては、効果的、および効率的に変異体を獲得でき
る最適照射線量に関する知見が望まれる。一方、ガンマ線においても、最適照射線量について実
験的に明らかにされている例はない。また、照射による障害を少なくできるとされるガンマ線の
低線量率での照射の効果についても、データは少ない。そこで、イオンビームおよびガンマ線の
最適照射方法について明らかにした。 
 
１．突然変異育種のための変異原としてのイオンビームの特徴 
１）効率 
 変異原処理による障害の程度に対する変異率の高さは「効率」と定義される。農作物の突然変
異育種においては、変異率が高く、一方で変異原処理により付随する障害が少ないこと、すなわ
ち「効率」が高い変異原、処理方法が望まれる。そのことから、変異原の評価には変異率の高さ
だけでなく、「効率」も考慮すべきとされている。そこで、イネおよびキクを用いてイオンビー
ムとガンマ線とで効率を比較した。 
 イネの種子に、炭素イオン（平均 LET 76 および 107 keV/µm）、ヘリウムイオン（平均 LET 9 
keV/µm）、およびガンマ線を種々の線量で照射し、M1 世代において生存率と稔実率を調査した。
さらに M2 世代において葉緑素変異率を調査し、生存率と葉緑素変異率、および稔実率と葉緑素
変異率との関係から効率を求め、比較した。その結果、効率はイオン種によって異なるものの、
生存率および稔実率のどちらを基準にした場合にも、イオンビームのほうがガンマ線よりも効率
が高い、あるいは同等であることが示された。 
 同じイオン種を用いて行ったキクの培養葉片に対する照射試験では、照射による障害の指標と
して調査した核 DNA 量に及ぼす影響、および花色変異頻度はイオン種によって異なった。両者
の関係から求めた効率を比較したところイオン種によって異なり、ヘリウムイオンではガンマ線
よりも効率が低かった。 
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 このように、効率はイオン種によって異なり、ガンマ線と比べて概ね高い、または同等であっ
たが、キクにおけるヘリウムイオンのように低い場合もあった。 
 
２）変異セクターの大きさ 
 照射された種子や芽などから変異体を得るためには、後代を得るための種子や芽が、照射され
た種子や芽の茎頂分裂組織に誘発された変異細胞から形成されなければならない。茎頂分裂組織
の細胞に変異がおきても、それから形成される変異セクターが小さい場合には、変異体として分
離できる可能性が低くなる。 
 イネの葉緑素変異の分離頻度から、イオンビームの照射ではガンマ線と比較してより大きな変
異セクターが形成されることが推測された。キクでは、腋芽にイオンビームおよびガンマ線を照
射後、2 回の切り戻しを行って作出した花色変異体について、得られた花色変異体の根から植物
を再生させて LⅢ層細胞由来の植物を作出し、その花色と変異体の花色を比較することでキメラ
構造を解析した。その結果、ガンマ線で得られた花色変異体はすべて周縁キメラだったのに対し
て、イオンビームでは、周縁キメラだけでなく、完全変異体である可能性を示した変異体もあっ
た。これは、イオンビームでは、茎頂分裂組織の層構造の破壊と少数の細胞からのその再構築が
起こり、変異セクターが層を越えて拡大したためと考えられた。一方、ガンマ線では、層構造が
壊されるような影響はなかったために周縁キメラとなったと推測された。 
 以上のように、イオンビーム照射の結果得られる変異セクターのほうがガンマ線と比べて広い
ことが明らかとなった。 
 
３）変異スペクトル 
 得られる変異のスペクトルも変異原としての特徴のひとつであり、新しい変異原には従来用い
られてきた変異原では得られなかった変異体誘発が期待される。そこで、イオンビームとガンマ
線と変異スペクトルの差異を調べるため、イネでは、得られた葉緑素変異（アルビナ、キサンタ、
ビリディス、およびその他）の総数に占める各葉緑素変異の出現比率を比較した。また、キクで
は誘発された花色変異を比較した。 
 イネでは、各葉緑素変異の相対出現比率は、本研究で用いた 3 種イオン種およびガンマ線とで
同様の傾向がみられ、イオンビームとガンマ線の間での差異は顕著ではなかった。すなわち、い
ずれの線種においてもアルビナの出現比率が最も高く、50％前後であり、ビリディスが２番目に
高く 25～30％であった。 
 キクでは、11 種類の花色変異が得られたが、イオンビームにより誘発された花色変異の種類は
ガンマ線と同じであり、また、出現頻度にも偏りは無く、イオンビームで特に現われやすい花色
変異はなかった。 
 このように、本研究の結果からは、誘発される変異スペクトルには、イオンビームとガンマ線
とに違いは認められなかった。 
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２．突然変異育種のための最適照射方法 
 イオンビームおよびガンマ線の最適照射線量を明らかにするため、イネを用いて照射種子 1 粒
あたりの変異頻度が最も高くなる線量を求めた。その結果、3 種のイオンビームおよびガンマ線
のいずれの線種においても、生存率曲線において肩となる線量付近による照射で、効率的に変異
体を得られることが示された。肩となる線量での生存率は約 90％であり、従来用いられてきた目
安である半数致死線量よりも低い線量で、十分に変異体が獲得できることが示された。また、キ
クの培養葉片やバラの腋芽に対するイオンビームの照射でも、再分化や生存への影響が小さい低
線量での照射によって変異体が得られ、低線量での照射で十分であることが示された。 
 
 ガンマ線の照射線量率は、照射による影響の程度に違いを及ぼす要素のひとつである。しかし、
突然変異頻度や照射による障害の程度に及ぼす照射線量と線量率の相互作用に関する知見はほ
とんどない。そこで、キクを用いて、花色変異の頻度と照射による障害として核 DNA 量の減少
程度を調べ、それらに対するガンマ線の照射線量および線量率の影響を調査した。 
 キクの培養植物に、ガンマ線の総線量 15、30 および 60 Gy を、線量率 0.5、1 および 2 Gy/h で
照射し、葉片を切り出して培養した。再分化植物において花色変異、および核 DNA 量を調査し
た。花色変異頻度は総線量が同じであれば線量率に関わらず同じであったことから、変異頻度は
照射線量によって決まることが明らかとなった。一方、核 DNA 量は照射によって減少したが、
その程度は総線量および線量率の両者の影響を受け、高線量での照射でも低線量率で照射するこ
とにより核 DNA 量の減少が抑えられた。このように、核 DNA 量の減少と花色変異頻度におよ
ぼす線量率の影響は異なったことから、線量率 0.5 Gy/h での照射では、1 および 2 Gy/h と比較し
て核 DNA 量の減少程度が小さくても同程度の花色変異が得られ、キクでは高い線量を低い線量
率で照射することにより、変異頻度を低下させることなく照射による障害の小さい変異体の獲得
が可能であることが示された。 
